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AD   anaerobic digestion 
AerAOB  aerobic ammonium-oxidizing bacteria 
AerAOB/NOB  AerAOB/NOB relative abundance ratio 
AerSRTx  aerobic sludge retention time; x = floc 
Anammox  anoxic ammonium oxidation 
AnAOB  anoxic ammonium-oxidizing bacteria 
AnAOB/NOB  AnAOB/NOB relative abundance ratio 
AOA   ammonium-oxidizing archaea 
B.C.   before Christ 
bCOD   biodegradable chemical oxygen demand 
bCOD/N  bCOD over nitrogen ratio 
BP   Blue Plains (sewage treatment plant) 
BSA   bovine serum albumine 
c   concentration 
CAS   conventional activated sludge 
COD   chemical oxygen demand 
Comammox  complete ammonium oxidation 
C-stage  carbon (redirection) stage in the STP 
CSTR   continuously stirred tank reactor 
cxt   concentration x exposure time 
DNA   Deoxyribonucleic acid 
DO   dissolved oxygen 
FA   free ammonia 
FDR   false discovery rate   
FNA   free nitrous acid 
ii 
 
HBx   heterotrophic bacteria; x = preferential functionality 
HiCS   high-rate contact stabilization 
HRAS   high-rate activated sludge 
HRT   hydraulic retention time 
IC   inorganic carbon 
ICx   inhibitory concentration; x = % inhibition 
IFAS   integrated fixed-film activated sludge 
Kx saturation constant for a typical Monod activity model; 
 x = substrate  
M&M   material and methods 
MBR   membrane bioreactor 
MLSS   mixed liquor suspended solids 
N   nitrogen 
N/DN   nitrification/denitrification 
NAR   nitrite accumulation ratio 
N-DAMO  nitrite/nitrate-dependent anaerobic oxidation of methane 
Nit/DNit  nitritation/denitritation 
NOB   nitrite oxidizing bacteria 
N-stage  nitrogen (removal) stage in the STP 
NV   Nieuwveer (sewage treatment plant) 
OTU   operational taxonomic unit 
P   phosphate 
PN/A   partial nitritation/anammox 
pp   per person 
qPCR   quantitative polymerase chain reaction 
rAerAOB  AerAOB potential activity 
rAerAOB/rNOB AerAOB/NOB potential activity ratio 
rAnAOB/NOB  AnAOB/NOB potential activity ratio 
iii 
 
rmaxx   potential rate; x = guild or rate dependency 
RNA   ribonucleic acid 
rNOB   NOB potential activity 
rRNA   ribosomal ribonucleic acid 
rx   rate; x = guild or rate dependency 
S   sulfide 
SBR   sequencing batch reactor 
SDG   sustainable development goals  
SRT   sludge retention time 
STP   sewage treatment plant 
t   (exposure) time 
TIC   total inorganic carbon 
TSS   total suspended solids 
UN   United Nations 
UNAS   Upflow New Activated Sludge 
V   volume 
VFA   volatile fatty acids 
VSS   volatile suspended solids 
X   solids concentration 







Table of Contents 
Abstract (English) ............................................................................................... 1 
Abstract (Nederlands) ........................................................................................ 6 
Chapter 1: General introduction ...................................................................... 11 
1 Problem statement ................................................................................................. 12 
1.1 Humanity in the 21st century ............................................................................ 12 
1.2 Anthropogenic impact on water availability ...................................................... 12 
1.3 Anthropogenic emissions to water bodies ....................................................... 13 
2 Towards more sustainable sewage treatment ........................................................ 16 
2.1 Activated sludge: a more than 100-year-old process ....................................... 16 
2.2 State-of-the art: conventional activated sludge (CAS) ..................................... 16 
2.3 The future: two-stage systems ........................................................................ 18 
3 Nitrogen transformations in PN/A reactors ............................................................. 21 
3.1 Major pathways in partial nitritation/anammox reactors ................................... 21 
3.1.1 Aerobic ammonium oxidation (nitritation) ................................................. 21 
3.1.2 Aerobic nitrite oxidation (nitratation) ......................................................... 22 
3.1.3 Anoxic ammonium oxidation (anammox) .................................................. 23 
3.1.4 Heterotrophic denitrification ...................................................................... 23 
3.2 Minor pathways in partial nitritation/anammox reactors ................................... 24 
3.2.1 Detoxification ........................................................................................... 24 
3.2.2 Aerobic heterotrophs ................................................................................ 24 
3.2.3 Other pathways ........................................................................................ 24 
3.3 Choice of process configuration ...................................................................... 25 
4 Microbial resource management of mainstream PN/A reactors .............................. 28 
4.1 Design and operational strategies: the story so far .......................................... 29 
vi 
 
4.1.1 ON/OFF control ....................................................................................... 30 
4.1.2 IN/OUT control ......................................................................................... 32 
4.1.3 ON/OFF + IN/OUT control = reactor solution ........................................... 32 
5 Thesis outline and objectives ................................................................................. 33 
5.1 Introduction ..................................................................................................... 33 
5.2 Chapter overview ............................................................................................ 33 
Chapter 2: High-resolution mapping and modeling of anammox recovery from 
recurrent oxygen exposure .................................................................................... 35 
1 Introduction ............................................................................................................ 37 
2 Material and methods ............................................................................................ 40 
2.1 Anammox reactor............................................................................................ 40 
 Inoculum .................................................................................................. 40 
 Reactor set-up and SBR operation .......................................................... 40 
 Reactor conditions ................................................................................... 41 
2.2 Oxygen response curves in the reactor ........................................................... 41 
 Experimental procedure ........................................................................... 41 
 Data processing: from ammonium concentrations to removal rates ......... 42 
 Definitions ................................................................................................ 42 
2.3 Mathematical modeling ................................................................................... 43 
2.4 Oxygen response in batch tests ...................................................................... 44 
2.5 Physicochemical analyses (offline) ................................................................. 45 
2.6 Molecular biomass analyses ........................................................................... 45 
3 Results ................................................................................................................... 46 
3.1 Microbial community enriched in Ca. Brocadia ................................................ 46 
3.2 Experimental oxygen response curves ............................................................ 46 
4 Discussion ............................................................................................................. 52 
vii 
 
4.1 AnAOB inhibition by oxygen ............................................................................ 52 
 AnAOB gradual recovery after oxygen inhibition ...................................... 52 
 Factors impacting initial recovery after oxygen inhibition .......................... 52 
 Novel experimental procedure and impact on measured kinetics ............. 53 
4.2 Modeling AnAOB inhibition by oxygen ............................................................. 53 
4.3 Long-term recurrent exposure ......................................................................... 54 
5 Conclusions ........................................................................................................... 55 
Chapter 3: Pinpointing wastewater and process parameters controlling the 
AerAOB to NOB activity ratio in sewage treatment plants .............................. 57 
 Introduction ............................................................................................................59 
 Material and Methods .............................................................................................61 
 Description and sampling of the plants ............................................................61 
 Process and wastewater data .........................................................................62 
 AerAOB and NOB potential rate determination ...............................................63 
 Arrhenius model fitting ....................................................................................64 
 Statistical data analysis ...................................................................................64 
 Molecular analyses .........................................................................................65 
 Results ...................................................................................................................66 
 Arrhenius model fit ..........................................................................................66 
 Diversity in nitrifier communities ......................................................................66 
 Dissimilar relationships between nitrifier abundance and activity .....................69 
 (Dis)similarities in STP process and wastewater parameters ..........................69 
 Specific process and wastewater limitations control activities .........................71 
 Uncoupling temperature from other limitations ................................................71 
3.6.1 Overall model fit .......................................................................................73 
3.6.2 Inorganic carbon ......................................................................................75 
viii 
 
3.6.3 Sludge-specific nitrogen loading rate ....................................................... 76 
 Discussion ............................................................................................................. 78 
 Limitations in nitrifiers’ growth and activity ...................................................... 78 
4.1.1 Temperature ............................................................................................ 78 
4.1.2 Phosphate ............................................................................................... 78 
4.1.3 Inorganic carbon ...................................................................................... 79 
4.1.4 Nitrogen levels (NH4+ & NO2-) .................................................................. 80 
 Add-on mechanistic modelling methodology ................................................... 80 
 Conclusions ........................................................................................................... 82 
 Acknowledgements ................................................................................................ 83 
Chapter 4: Synergistic exposure of return sludge to anaerobic starvation, 
sulfide and free ammonia to suppress nitrite oxidizing bacteria ................... 85 
1 Introduction ............................................................................................................ 87 
2 Material and methods ............................................................................................ 89 
2.1 Sludge origin ................................................................................................... 89 
2.2 Test layout ...................................................................................................... 89 
 Sludge collection and washing ................................................................. 89 
 Sulfide dosage ......................................................................................... 90 
 Anaerobic starvation ................................................................................ 90 
 Free ammonia shock ............................................................................... 91 
2.3 Immediate effect batch activity tests ............................................................... 91 
 AerAOB and NOB immediate effect calculations ...................................... 91 
2.4 Long-term membrane bioreactor tests ............................................................ 92 
 AerAOB and NOB long-term recovery calculations .................................. 92 
2.5 Physicochemical analyses .............................................................................. 93 
2.6 Calculations .................................................................................................... 94 
ix 
 
 Volatile fatty acids .................................................................................... 94 
 Gas composition headspace .................................................................... 94 
 Estimated bioreactive sulfide dose ........................................................... 94 
2.7 Microbial community analysis .......................................................................... 95 
3 Results ................................................................................................................... 96 
3.1 Immediate effect of a single parameter ........................................................... 96 
3.2 Immediate effect of combined parameters....................................................... 98 
3.3 Long-term recovery of a single parameter ....................................................... 99 
3.4 Long-term recovery of combined parameters ................................................ 101 
3.5 Community analysis ...................................................................................... 102 
4 Discussion ............................................................................................................ 104 
4.1 Sulfide inhibition ............................................................................................ 104 
4.2 Combinatory or synergistic effects ................................................................ 105 
4.3 Factors influencing recovery ......................................................................... 106 
4.4 Long-term repeated exposure and microbial adaptation ................................ 106 
5 Conclusions ......................................................................................................... 108 
Chapter 5: Enabling partial nitritation/anammox on pre-treated sewage with 
IFAS: aeration and floc SRT control strategies limit nitrate production .....109 
1 Introduction .......................................................................................................... 111 
2 Material and Methods ........................................................................................... 113 
2.1 Reactor operation.......................................................................................... 113 
2.1.1 Reactor set-up ....................................................................................... 113 
2.1.2 Sludge seeding ...................................................................................... 113 
2.1.3 Influent ................................................................................................... 113 
2.1.4 Sampling ................................................................................................ 114 
2.2 Batch activity tests ........................................................................................ 114 
x 
 
2.3 Physicochemical analysis ............................................................................. 114 
2.4 Calculations of distributions between carrier and floc .................................... 115 
2.5 Estimation of biofilm surface area ................................................................. 115 
2.6 Molecular analysis ........................................................................................ 116 
3 Results & discussion ............................................................................................ 118 
3.1 Overall experiment and performance ............................................................ 118 
3.2 Understanding the microbial balance in IFAS PN/A ...................................... 121 
3.3 The floc as nitrite producer ............................................................................ 123 
3.4 The carrier as nitrite sink ............................................................................... 125 
3.5 The impact of biodegradable organic carbon ................................................ 127 
3.6 Microbial diversity steers reactor performance .............................................. 129 
4 Conclusions ......................................................................................................... 131 
Chapter 6: General discussion ...................................................................... 133 
1 Major findings ...................................................................................................... 134 
1.1 Introduction ................................................................................................... 134 
1.2 Major findings ............................................................................................... 134 
2 Proposed design for a mainstream partial nitritation/anammox reactor ................ 137 
2.1 One- or two-stage systems? ......................................................................... 137 
2.2 Proposed design of a one-stage mainstream PN/A reactor ........................... 138 
3 Microbial resource management of the proposed N-stage ................................... 140 
3.1 Wastewater parameters ................................................................................ 140 
3.1.1 Uncontrollable factors (ON/OFF)............................................................ 140 
3.1.2 Controllable factors (ON/OFF + IN/OUT) ............................................... 142 
3.2 Operational parameters ................................................................................ 143 
3.2.1 Aeration/substrate pattern (ON/OFF) ..................................................... 143 
3.2.2 Return-sludge inhibitory treatment (ON/OFF)......................................... 144 
3.2.3 Floc and biofilm morphology (ON/OFF + IN/OUT) .................................. 147 
3.2.4 Floc SRT control (ON/OFF + IN/OUT) ................................................... 148 
xi 
 
3.2.5 Biofilm/floc separation (IN/OUT) ............................................................. 149 
4 Modelling mainstream PN/A ................................................................................. 151 
5 Conclusions ......................................................................................................... 153 
References ................................................................................................................. 155 
Supplemental Information A (Chapter 2) ................................................................. 171 
Supplemental Information B (Chapter 3) ................................................................. 179 
Supplemental Information C (Chapter 4) ................................................................. 201 
Supplemental Information D (Chapter 5) ................................................................. 209 
Curriculum Vitae ....................................................................................................... 219 

























The invention of conventional activated sludge about 100 years ago enabled humanity to 
safely treat its wastewater, protecting the environment while supporting society. This 
sewage treatment plant (STP) has become more advanced, and efficiently removes 
wastewater pollutants like nutrients (nitrogen, phosphorus), organic carbon, pathogens. 
This advanced treatment has however come with a cost of about 60-120 euro pp-1 y-1. 
More cost-effective sewage treatment can be achieved in more circular approach, with 
reuse of water, energy and nutrients from wastewater. 
An energy neutral STP fits within this circular approach, and is feasible by the separation 
of different processes. In the first stage, an energy and organic carbon rich fraction is 
harvested from the wastewater and transformed to biogas. In a second stage, the 
remaining nutrients, including nitrogen, need to be treated. Conventional nitrogen removal 
technologies, like nitrification/denitrification, need organic carbon to remove nitrogen. 
Partial nitritation/anammox (PN/A) does not have this ‘carbon-hunger’, and is therefore 
highly suitable as a post-treatment to achieve an energy neutral STP that guarantees 
effluent quality. 
PN/A depends on the interplay of two bacterial groups, with partial nitritation as first step, 
in which about half of the incoming ammonium is oxidized to nitrite by the aerobic 
ammonia-oxidizing bacteria (AerAOB). The produced nitrite is then reduced by the 
anaerobic ammonium-oxidizing bacteria (AnAOB) with the remaining ammonium to 
nitrogen gas, and some nitrate, the so-called anammox conversion. Nitrite oxidizing 
bacteria (NOB), who convert nitrite to nitrate with oxygen, are unwanted in this process, 
because they lower the removal efficiency. The process should therefore be developed so 
that the growth conditions are optimal for both ammonium-oxidizing bacteria (AerAOB and 
AnAOB), while NOB are suppressed. 
Suppressing NOB is a challenge for the control of PN/A for the treatment of domestic 
sewage (mainstream PN/A), because lower temperatures (10-25°C), lower influent 
ammonium concentrations (<50 mg N L-1) and daily fluctuations in wastewater quality 
challenge process control. For successful operation, a new framework was developed with 
ON/OFF control: stimulation/suppression of the desired/undesired bacteria and IN/OUT 
control: retention/removal of the desired/undesired bacteria. A combination of ON/OFF + 
IN/OUT control should lead towards a working process. In this PhD thesis, several 
strategies for successful ON/OFF control were mechanistically researched upon in 
Chapter 2, 3 and 4, while in Chapter 5, operational strategies (ON/OFF and IN/OUT) 





AnAOB inhibition by oxygen (ON/OFF) 
The presence of partial nitritation in PN/A has the consequence that AnAOB are always in 
the proximity of oxygen. The influence of oxygen on the strictly anaerobic AnAOB, who 
perceive stress/inhibition by oxygen, is ambiguously described in literature. Therefore, a 
study was executed to describe the recovery of AnAOB after oxygen exposure. In a 
reactor, a highly enriched community of AnAOB was obtained without any nitrifiers 
present. A range of oxygen concentrations (0.05-2 mg O2 L-1) were added over different 
exposure times (1.4-24h) in a highly-controlled reactor, after which the activity response 
of AnAOB was followed up in high temporal resolution with an ammonium sensor (Δt = 10 
min). After short exposure, i.e. 1.5-8h, AnAOB directly resumed their activity, which was 
lower than the initial activity prior to exposure. Dependent on the perceived stress, AnAOB 
gradually recovered their activity in 5-37h, until steady-state was achieved. The 
experimental data did not fit well with a conventional ‘instant recovery’ Monod-type 
inhibition model. These results indicate that recovery of AnAOB after oxygen exposure 
was previously overlooked. It is recommended to account for this effect in the 
intensification of partial nitritation/anammox. 
The influence of wastewater parameters on AerAOB and NOB activity (ON/OFF) 
Two distinct STP, Blue Plains (BP), Washington DC, US and Nieuwveer (NV), Breda, NL, 
were compared to study the influence of often fluctuating and location-specific wastewater 
parameters on the AerAOB and NOB activity. Both STP have a similar temperature profile, 
yet vary in operational and wastewater parameters, resulting in an opposite AerAOB/NOB 
potential activity ratio at 20°C (BP = 0.6; NV = 1.6). To understand what factors steer the 
activity of AerAOB and NOB, a methodology based on known activity models was 
developed, called ‘add-on mechanistic modelling’. This add-on mechanistic model allowed 
us to separate the influence of different wastewater parameters, i.e., temperature, 
inorganic carbon (from alkalinity), ammonium, nitrite, and phosphate concentrations, on 
the activity of AerAOB and NOB. The results showed that AerAOB and NOB reacted 
similar on temperature in both STP, despite the significant differences in AerAOB 
community. For BP, the presence of sufficient inorganic carbon (~3 mM C) appeared to 
be crucial for higher AerAOB activity and growth. Relieving this limitation would lead 
towards a similar AerAOB/NOB potential activity ratio in both STP.  
 
Mainstream integrated fixed-film activated sludge (IFAS) PN/A reactor at 26°C: 





An IFAS reactor was operated, in which floccular sludge that performs mainly the aerobic 
conversions (e.g., AerAOB, NOB), resides together with an AnAOB rich biofilm that grows 
on a carrier material. In this biofilm, the slow growing AnAOB have a long residence time, 
and are well protected from oxygen by an aerobic bacterial layer on top of the biofilm. In 
contrast, when the right process conditions are given, NOB can be gradually washed out 
by precisely controlling the aerobic floccular sludge retention time (AerSRTfloc) (IN/OUT 
control). Variation of the aeration strategy and nitrogen loading rate were further used to 
select for the desired bacteria (ON/OFF control). The best operational period was with 
continuous two-point aeration, with alternation of a low (0.05 mg O2 L-1 for 10 min.) and 
high (0.27 mg O2 L-1 for 5 min.) dissolved oxygen setpoint, combined with a low but 
sufficient AerSRTfloc of ~ 7d. At this moment, good NOB-suppression and a nitrogen 
removal rate of 122±13 mg N L-1 d-1 was obtained, which makes the technology feasible 
for implementation in countries with warm wastewater temperatures. Under these 
conditions, the floc acted as a nitrite-source (AerAOB), while the carrier acted as nitrite-
sink (AnAOB, NOB). For a successful nitrite source, maintaining a higher floccular sludge 
concentration (~0.5-1 g VSS L-1) allowed sufficient aerobic ammonium conversion, while 
keeping the AerSRTfloc sufficiently short (<7d) at low oxygen setpoints (0.05-0.3 mg O2 L-
1) enabled higher floccular AerAOB/NOB activity ratios (7-29 vs. 1). For the carrier as a 
nitrite sink, lower DO setpoints (0.05 vs. 0.15 mg O2 L-1) and higher loading rates (150-200 
vs. 60 mg N L-1 d-1) resulted in higher AnAOB/NOB activity ratios, while the carrier biofilm 
thickness might not play a significant role. The operational strategies highlighted within the 
source-sink framework can serve as a guideline for successful operation of mainstream 
PN/A reactors. 
Novel return-sludge treatment for NOB-suppression (ON/OFF) 
A sewage treatment facility has a return-sludge line that returns sludge, when it is 
separated from the cleaned wastewater, back to the reactor. The idea was to design a 
return-sludge treatment that exposed floccular sludge, e.g. located in the IFAS reactor 
described above, towards stress conditions that favor AerAOB over NOB. Different 
combinations of known stress factors; sulfide (0-600 mg S L-1), anaerobic starvation (0-
8d), and a free ammonia (FA) shock (30 mg FA-N L-1 for 1h), were tested for immediate 
stress response and long-term recovery. The best combination was 150 mg S L-1, 2d 
anaerobic starvation and a FA-shock. Despite no positive change observed in the 
immediate-stress response, AerAOB recovered much faster than NOB, with a nitrite 
accumulation ratio (effluent nitrite on nitrite + nitrate) peak of 50% after 12 days. Studying 





treatment, while applying combined stressors regularly may lead towards an 
implementable NOB-suppression treatment. 
This PhD thesis aids to the development of mainstream PN/A, by its focus on mechanistic 
insights and operational strategies, linking operational conditions with microbiology 
(abundance, taxonomy, and morphology) and bacterial activities. Further development of 
the technology might lead towards an energy neutral STP, with good effluent quality, who 
protects health and environment, while addressing parts of the challenges that we face in 





















De uitvinding van conventioneel actief slib ongeveer 100 jaar geleden zorgde ervoor dat 
de mensheid hun afvalwater veilig kon behandelen, waardoor het milieu, gezondheid en 
maatschappij beschermde. Deze waterzuivering is in de loop der tijd meer ontwikkeld, en 
verwijderd afvalwater bestanddelen zoals nutriënten (stikstof, fosfor), organische koolstof 
en pathogenen efficiënt. Deze meer ontwikkelde waterzuivering komt echter met een extra 
kost, en we betalen nu ongeveer 60-120 euro pp-1 j-1. Een meer kosten-efficiënte 
waterzuivering kan gerealiseerd worden wanneer er meer circulair gedacht wordt, met 
hergebruik van water, energie en nutriënten uit afvalwater.  
Een energie-autonome waterzuivering past goed binnen deze circulaire benadering, en 
realisatie is mogelijk door de opsplitsing van de verschillende processen die plaatsvinden 
in de waterzuivering. De internationale consensus is te werken in een twee-staps proces, 
waar in de 1ste stap de energie en koolstof rijke fractie wordt geoogst en omgezet tot 
biogas. In een tweede stap moeten de resterende nutriënten, zoals stikstof, nog steeds 
verwijderd worden van de resterende koolstof arme stroom. Huidige 
stikstofverwijderingstechnologieën, zoals nitrificatie/denitrificatie, hebben organische 
koolstof nodig om stikstof te verwijderen, partiële nitritatie/anammox (PN/A) heeft deze 
‘koolstofhonger’ niet en is daarom ideaal als nabehandeling om te komen tot een energie-
positieve en autonome waterzuivering die effluent kwaliteit garandeert.  
Het proces partiële nitritatie/anammox is gebaseerd op een team van twee 
bacteriegroepen, met als eerste stap een partiële nitritatie waar ongeveer de helft van de 
ammonium wordt geoxideerd tot nitriet door de aerobe ammoniumoxiderende bacteriën 
(AerAOB). Het geproduceerde nitriet wordt vervolgens samen met het resterende 
ammonium door de anoxische ammoniumoxiderende bacteriën (AnAOB) tot stikstofgas 
en een beetje nitraat omgezet, de zogenaamde anammoxomzetting. Nitrietoxiderende 
bacteriën (NOB), die met zuurstof nitriet naar nitraat omzetten, zijn in dit proces 
ongewenst, want ze verlagen de verwijderingsefficiëntie. Het proces moet dus zo 
ontwikkeld worden dat de groeicondities optimaal zijn voor beide ammoniumoxiderende 
groepen (AerAOB & AnAOB), terwijl NOB onderdrukt worden. 
Dit laatste aspect is een grote uitdaging voor de controle van PN/A voor de behandeling 
van huishoudelijk afvalwater, waar de lagere temperaturen (10-25°C), lagere 
ammoniumgehaltes (<50 mg N L-1) en dagdagelijkse fluctuaties in afvalwaterkwaliteit de 
controle van het proces bemoeilijken. Voor succesvolle operatie van het proces werd er 
een nieuw kader voorgesteld met ON/OFF controle; stimulatie/onderdrukking van de 
gewenste/ongewenste bacteriën en IN/OUT controle; retentie/verwijdering van de 
ongewenste bacteriën. Combinatie van beide; ON/OFF + IN/OUT moet leiden tot een 





Hoofdstuk 2,3 en 4 verschillende aspecten mechanistisch uitgediept, waarna in 
Hoofdstuk 5 operationele strategieën (ON/OFF + IN/OUT) voor een hoofdstroom hybride 
PN/A reactor werden bepaald. 
Zuurstofinhibitie op AnAOB (ON/OFF) 
De aanwezigheid van partiële nitritatie in PN/A zorgt ervoor dat AnAOB altijd in de 
nabijheid van zuurstof zijn. Omdat de invloed van zuurstof op de AnAOB, dewelke strikt 
niet aeroob zijn en stress/inhibitie ondervinden door zuurstof, vaak ambigu in de literatuur 
beschreven is, werd een studie uitgevoerd rond de stressrespons van AnAOB op zuurstof. 
In een hoogtechnologisch gecontroleerde reactoropstelling werden verschillende 
zuurstofconcentraties (0.0.5-2 mg O2 L-1) over verschillende tijdsintervallen (1.5-24h) 
toegevoegd, waarna de activiteitrespons van AnAOB met behulp van een 
ammoniumsensor in detail werd opgevolgd (Δt = 10 min.). Na een korte blootstelling, bv. 
1.5-6h, hervatte AnAOB direct zijn activiteit, die lager was dan de initiële activiteit voor 
blootstelling. Afhankelijk van de stress tijdens de zuurstofblootstelling, herstelde de 
AnAOB activiteit gradueel in 5-37h tot een steady-state activiteit werd bereikt. Deze 
resultaten tonen aan dat de respons belangrijk kan zijn voor verdere procesintensificatie. 
De invloed van afvalwaterparameters op de AerAOB en NOB activiteit (ON/OFF) 
Om de invloed van vaak fluctuerende en locatie-specifieke afvalwaterparameters op de 
AerAOB en NOB activiteit te bepalen, werden twee sterk verschillende waterzuiveringen 
met elkaar vergeleken; Blue Plains (BP), Washington DC, US en Nieuwveer (NV), Breda, 
NL. Beide waterzuiveringen hebben een soortgelijk temperatuurprofiel, maar verschillen 
in operationele en afvalwaterparameters, resulterend in een omgekeerde AerAOB/NOB 
activiteitverhouding op 20°C (BP = 0.6; NV = 1.6). Een modelmatige en statische 
methodiek werd ontwikkeld, genoemd ‘add-on mechanistisch model’. Dit add-on 
mechanistisch model stelde ons in staat om de invloed van afvalwaterparameters van de 
waterzuivering, zoals temperatuur, anorganische koolstof (=alkaliniteit), ammonium- en 
nitrietgehaltes, fosfaatgehaltes, op de AerAOB en NOB activiteit van elkaar te 
onderscheiden. De resultaten gaven aan dat AerAOB en NOB gelijkaardig reageren op de 
temperatuur in beide waterzuiveringen, ondanks verschillen in de AerAOB gemeenschap. 
In BP bleek de aanwezigheid van voldoende anorganische koolstof (~ 3mM C) echter 
noodzakelijk voor maximale groei en activiteit van AerAOB. Het opheffen van deze limitatie 
zou leiden tot een gelijkaardige AerAOB/NOB activiteitsverhouding in beide zuiveringen. 
Hoofdstroom integrated fixed-film activated sludge (IFAS) PN/A reactor op 26°C: 
operationele strategieën voor een optimale nitriet opnemer-bron te bekomen 





In deze testopstelling werd een IFAS-reactor gebruikt, waar vlokkig slib, dat voornamelijk 
de aerobe omzettingen (AerAOB, NOB) doet, samen zit met slib onder vorm van een 
AnAOB rijke biofilm op een dragermateriaal, waar de stikstofverwijdering plaatsvindt. In 
de biofilm hebben de traag groeiende AnAOB een lange slibverblijftijd en worden ze 
afgeschermd van zuurstof door een aerobe bacterielaag die op de biofilm groeit. In 
tegenstelling tot deze lange slibverblijftijd, kan wanneer de juiste procescondities 
aanwezig zijn, NOB geleidelijk aan uit de vlok gepoeld worden door het precies controleren 
van de aerobe vlokkige slibverblijftijd (AerSRTvlok) (IN/OUT control). Verdere selectie van 
de gewenste bacteriën kan gerealiseerd worden door het variëren van bv. de beluchting 
en stikstofbelasting, waardoor de activiteit van de bacteriën gecontroleerd wordt (ON/OFF 
control). De beste operationele periode was met continue beluchting met wisselend laag 
(0.05 mg O2 L-1 voor 10 min.) en hoog (0.27 mg O2 L-1 voor 5 min.) zuurstofsetpoint, samen 
met een korte, maar voldoende vlokkige aerobe slibverblijftijd (~7d). Hier werd een goede 
NOB onderdrukking en stikstofverwijderingssnelheid van 123 mg N L-1 d-1 behaald, 
waardoor de techniek inzetbaar wordt voor landen met warmere afvalwater temperaturen. 
Op dat moment ageerde de vlok met AerAOB als een ‘nitriet-bron’, en de biofilm op drager 
met AnAOB en NOB als ‘nitriet-opnemer’. Voor een optimale nitriet bron is er een 
evenwicht nodig tussen een voldoende slibconcentratie (0.5-1 g VSS L-1) voor voldoende 
ammoniumomzetting te bekomen en een korte slibverblijftijd ~7d bij lage zuurstofsetpoints 
(0.05-0.3 mg O2 L-1) voor het uitspoelen van NOB uit de vlok.  Voor een optimale nitriet-
opnemer bevoordeelde een lager zuurstofsetpoint (0.05 vs. 0.15 mg O2 L-1) en hogere 
stikstofbelasting (150-200 vs. 60 mg N L-1 d-1) de AnAOB boven de NOB, terwijl de 
biofilmdikte waarschijnlijk geen invloed had. De operationele strategieën die gebruikt zijn 
binnen het ‘nitriet bron-opnemer model’ kunnen als rode draad gebruikt worden voor het 
succesvol opereren van hoofdstroom PN/A. 
Nieuwe retourslibbehandeling voor NOB-onderdrukking (ON/OFF) 
Een afvalwaterzuivering heeft een slibretour die het slib terugbrengt in de reactor nadat 
het gescheiden is van het gezuiverde water. Om AerAOB en AnAOB een competitief 
voordeel te geven t.o.v. NOB werd een nieuwe retourslibbehandeling uitgedacht die de 
AerAOB/NOB verhouding van het vlokkige slib vergroot. Deze kan bijvoorbeeld toegpast 
worden op het vlokkige slib van de IFAS reactor. Voor de behandeling werden de 
afzonderlijke en gecombineerde effecten van gekende NOB (en AerAOB) stressfactoren, 
namelijk sulfide (0-600 mg S L-1), anaerobe starvatie (0-8 d) en een extra vrij ammoniak 
shock (30 mg FA-N L-1) onderzocht. Zowel directe effecten (binnen 1 dag) als lange 
termijneffecten (binnen 2-weken) werden bekeken. De beste combinatie was met 





dat er op korte termijn geen gewenst effect werd gezien, herstelde AerAOB op lange 
termijn sneller dan NOB. Dit resulteerde voor een eenmalige blootstelling in een 
nitrietaccumulatieratio (effluent nitriet op nitraat + nitriet) die piekte op 50% na 12 dagen. 
Het bestuderen van lange-termijnseffecten is daardoor cruciaal voor het design van een 
optimale NOB-onderdrukking, terwijl het toevoegen van verschillende gecombineerde 
stressoren kan leiden tot een praktisch implementeerbare retourslibbehandeling. 
Dit doctoraat heeft door zijn focus op zowel mechanistische inzichten als operationele 
strategieën de bouwstenen gelegd voor de ontwikkeling van hoofdstroom PN/A. De sterke 
verlinking tussen microbiologie (aanwezigheid, taxonomie en morfologie) en activiteit 
zorgde voor nieuwe inzichten. Verdere ontwikkeling van deze technologie kan een 
energie-autonome waterzuivering creëren met gedegen effluent kwaliteit, die gezondheid 

















Parts are redrafted from Agrawal, S., Seuntjens, D., De Cocker, P., Lackner, S., Vlaeminck, S.E. 
Success of mainstream partial nitritation/anammox demands integration of engineering, 
microbiome and modeling insights (2018). Current opinion in biotechnology. 
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1 Problem statement 
1.1 Humanity in the 21st century 
Humans have become very successful populating planet earth, with a current count of 7.5 
billion in 2017, expecting to rise to 9.8 billion in 2050, peaking around 11.2 billion in 2100 
(United Nations, 2017). Our intellect enabled us to rise our activities and welfare, with 
inventions like the combustion engine (1884) and fertilizer production by the Haber-Bosh 
process (1909), supporting population growth (Erisman et al., 2008). Even though we are 
not as enumerate as ants, about 100,000 trillion (1012), our mass and footprint are 
considerably higher (Wackernagel et al., 1999). Emissions of greenhouse gasses e.g., 
carbon dioxide, methane and nitrous oxide, and environmental pollution, e.g., nitrogen 
and phosphate emissions, plastics, micro-pollutants challenge the safe operating space 
for humans on planet earth (Steffen et al., 2015). As our planet is covered for 71% with 
water, these anthropogenic emissions have a major impact on the earth’s water quality 
and availability. Counteracting these water-challenges, and sustaining our planet for 
future generations will be one of the key points to address in the 21st century (and one 
of the main drivers of me devoting some lifetime on this PhD). 
1.2 Anthropogenic impact on water availability  
Climate change is real, although one of our current world leaders, American president 
Donald J. Trump tends to dismiss it as a “Chinese hoax”, and pulled out of the Paris climate 
agreement in June 2017 (IPCC, 2014; Trump, 2012; The Economist, 2017). The climate 
agreement, signed in December 2015 by almost all world countries, except for war thorn 
Syria and more ambitious Nicaragua, has the ambition to limit an overall increase in 
worldwide temperature of 2.5 °C to stay within planetary boundaries. Even if we reach this 
2.5 °C goal, climate change will cause dramatic changes in the water cycle, with less 
predictable fresh water availability, in extreme forms of drought and storms, causing water 
conflicts.  
By 2050, 4 billion people will face water scarcity, including well-developed regions, e.g. 
West-America, Southern Europe and even Flanders in Belgium (Mekonnen & Hoekstra, 
2016). The United Nations (UN) sustainable development goals for water and environment 
(SDG 6) is part of the UN effort to eradicate the world’s poverty, hunger, illiteracy and 
disease. It aims to increase safe fresh water supply from 88% in 2015 to the whole world 
population by 2030 (WWAP, 2017). Solutions brought forward to reach these targets are 
 13 
 
water conservation, e.g. by reducing water use, improved water management by using 
fit-for-use technologies, e.g. better wastewater treatment and irrigation, and 
implementation of backstop water resources, e.g. desalination or reuse after treatment 
(WWAP, 2017).  
1.3 Anthropogenic emissions to water bodies 
Almost any human activity generates wastewater. Inadequate treatment of this wastewater 
has severe consequences, which can be categorized in three groups: 1. harmful effects 
on human health; 2. negative environmental impacts; 3. adverse repercussions on 
economic activities. The United Nations calculated in their recent report on water and 
wastewater that for each dollar invested in sanitation, one regains 5.5 dollar (WWAP, 
2017). The SDG 6 ambitions are therefore not little. By 2030, the entire world population 
should have access to sanitation (in 2015, 68% had access), and the proportion of 
untreated wastewater should be halved.  
One major pollutant, aside from many others, which is discharged into water bodies is 
reactive nitrogen, e.g. in the form of nitrite, nitrate or ammonium. Reactive nitrogen is 
derived from the conversion of dinitrogen in the atmosphere to ammonia or other reactive 
N-species that include NO, NO2-, HNO3, N2O, HONO, peroxyacyl nitrates and other 
organic N compounds (Figure 1.1) (Fowler et al., 2013). In 2010, about half of the global 
nitrogen fixation was estimated to occur naturally. Prokaryotes, called diazotrophs fixed 
198 Tg N y-1 (T = Tera = 1012) in the soil and oceans, and only a small part by accidental 
lightning (5 Tg N y-1), where dinitrogen gas is converted to NOx. The remaining part, ~210 
Tg N y-1, was produced anthropogenically, with the main contributor the Haber-Bosh 
process (120 Tg N y-1) (Steffen et al., 2015). In this process, under the right catalytic (iron 
based) conditions, high temperatures and pressures (300-550°C, 15-25 MPa) dinitrogen 
gas combines with hydrogen gas to form ammonia.   
The reactive nitrogen produced by the Haber-Bosh process is mainly used to produce 
fertilizers under the form of, for example, ammonium nitrate. After being introduced in the 
agricultural cycle, reactive nitrogen is transformed into amino acids and proteins, to finally 
end up as the food that we daily consume. This agricultural cycle is, however, not efficient, 
and for the 100 % N that we put into the production line, about 10% is finally being 
consumed (Coppens et al., 2016). This loss of nitrogen along the production line inevitable 
comes along with emissions to waterbodies through discharge of produced wastewater 
and fertilizer runoff in agriculture, where it can harm the environment and our health. 





Figure 1.1 Global nitrogen fixation, natural and anthropogenic in both oxidized and reduced forms 
through combustion, biological fixation (BNF), lightning and fertilizer, and industrial production 
through the Haber–Bosch process for 2010. The arrows indicate a transfer from the atmospheric 
N2 reservoir to terrestrial and marine ecosystems, regardless the subsequent fate of the reactive 
nitrogen (Nr). Green arrows represent natural sources, purple arrows represent anthropogenic 
sources, from Fowler et al., (2013). 
One of the major consequences of N-emissions is eutrophication (Conley et al., 2009). 
In this case, N-emissions increase primary production, via phytoplankton and algae, and, 
among others, the final consequences are dissolved oxygen depletion, fish mortality, loss 
in biodiversity, and possible toxic algae blooms. Another problem that is associated with 
nitrogen emissions, are too high nitrate or nitrite levels in groundwater reserves, 
accumulated from fertilizer runoff. Elevated levels of nitrate or nitrite in drinking water lead 
to formation of methemoglobin, a form of hemoglobin that cannot bind to oxygen. 
Especially babies are sensitive for this, with reports of the ‘blue baby syndrome’ 
(Knobeloch et al., 2000). Good monitoring (N < 10 mg NO3-–N L-1; N < 1 mg NO2-–N L-1) 
of drinking water provision avoided this occurrence, but pollution of groundwater reserves 
still impacts the availability of freshwater reserves all over the world (WWAP, 2017). 
Reactive nitrogen species can be differentially toxic in aquatic environments. While 
nitrate is less toxic, ammonia and nitrite are very toxic, and the discharge of elevated levels 
in the environment harms aquatic life. A study of Camargo et al. (2006) proposes levels 
for long term exposure of 0.01-0.02 mg NH3-N L-1, 0.08–0.35 mg NO2-–N L-1 and 2.9–
3.6 mg NO3-–N L-1 to protect the most sensitive aquatic life. Therefore, regulation is put in 
place in some of the more and less developed parts of the world, protecting our 
environment. For example, the Flemish government has set nitrogen standards for 
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discharge on surface waters for ammonium (< 2 mg NH4+-N L-1), nitrite (< 1 mg N L-1) and 
total nitrogen (<10 mg N L-1) since 1995 (VLAREM I) (Regering, 1995). 
By now, it must be clear that anthropogenic nitrogen fixation has created a severe 
imbalance in reactive nitrogen availability, drastically impacting natural planetary 
processes. To sustain human activity within planetary boundaries, nitrogen is regarded as 
one of the control variables that is out of boundaries, next to phosphorus and loss in 
biosphere integrity. To stay within N-boundaries, emissions should be limited globally to 
62-82 Tg N y-1 (T = Tera = 1012), and to abate emissions, one can look to the origin of them 
(Steffen et al., 2015). The major source of N-pollution comes from agriculture (~60%), 
followed by other human activities such as transportation, and wastewater production. For 
example, numbers for Flanders, Belgium (2015), showed that about 26.8 Gg N (G = Giga 
= 109) were emitted per year, which was 40 times higher than natural-background values. 
Major contributors were agriculture (61%), effluents of wastewater treatment plants (18%) 
and unconnected households to wastewater treatment plants or sewers (14%) (VMM, 
2016). Improving wastewater treatment for Flanders in all its facets can address a 
significant part (~30%) of these N-emissions. In the next section, the focus will be 
placed on how to abate N-emissions by treating wastewater.  
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2 Towards more sustainable sewage treatment 
2.1 Activated sludge: a more than 100-year-old process 
Channeling wastewater without treatment to other places is a common tactic to displace 
pollution. Around 600 B.C., in ancient Rome, an ingenious sewer system, called Cloaca 
Maxima, was built to transport the city’s wastewater to the Tiber (Hopkins, 2007). About 
2600 years later, 60% of the world population has access to sewers, yet 80% of the 
wastewater is not treated. The treatment degree ranged in 2017 from 8-28-38-70% for the 
least developed to the most developed quartile of countries (WWAP., 2017).  
Anno 2017, when sewage is treated, it is done mostly biologically, conventionally 
named ‘the activated sludge process’. This process was invented about 100 years ago, 
in Manchester, England (1914), where repeated hygienic problems in cities and demand 
for clean water from industry triggered new laws and developments (Ardern & Lockett, 
1914). The configuration of the sewage treatment plant (STP) changed not much 
compared to the technology as we know it today. An aerated basin contained the micro-
organisms, growing on the incoming wastewater as activated sludge, and a settling tank 
separated the cleaned water from the activated sludge blanket (Figure 1.2). Improvement 
over the last 100 years had led to further optimization, from removing solely organic carbon 
to more advanced treatment facilities. The current state-of-the-art facilities remove 
phosphorus, nitrogen, pathogens and potentially multiple other contaminants in 
wastewater, and is called the “conventional activated sludge (CAS)” treatment facility. 
2.2 State-of-the art: conventional activated sludge (CAS) 
Conventional activated sludge treatment systems were first designed to remove only 
organic carbon. In this scenario, which is represented in Figure 1.2, oxygen is introduced 
in the basin, where micro-organisms convert the incoming organic carbon to CO2 (50-60%) 
and biomass (40-50%). Sand traps, screens, scum removers, and primary sedimentation 
tanks have been placed upfront this aerated basin to optimize removal of incoming sand, 
large debris, scum or foam layers, and fast-settling organic and inorganic particles, 
respectively. Regulations in the 90’s have included nitrogen removal in the configuration. 
Alternation between aerobic and anoxic zones (without oxygen, but with nitrite/nitrate as 
electron acceptor), combined with sufficiently long sludge retention times, gave space for 
nitrifying bacteria to oxidize ammonium to nitrate, and denitrifying bacteria to finally reduce 
the produced nitrate to dinitrogen gas. At that time, phosphorus removal was also 
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implemented, mostly chemical, where precipitants, as for example Fe2+, Fe3+, Al3+ salts, 
were dosed before primary or secondary settling. Biological phosphorus removal was also 
developed, but more complex operation with alternation of anaerobic and aerobic zones 
is necessary, leading to not always well-functioning treatment facilities.  
 
Figure 1.2. Major pathways for water, energy and materials in an advanced conventional activated 
sludge treatment plant with biological nutrient removal, sludge digestion and disinfection. Subscripts 
‘el’ ‘th’, ‘foss’ represent electrical, thermal and fossil fuel, respectively (Verstraete & Vlaeminck, 
2011). 
The implementation of the advanced CAS system has been very effective in removing 
pollutants from wastewater, but this came with a cost. Total cost for the entire water 
treatment line, including sewers, is estimated at 65-123 Euro pp-1 y-1 in Western Europe 
(Zessner et al., 2014; De Graaf et al., 2014, Farys, 2017). For Flanders, this is about 123 
Euro pp-1 y-1 in 2016, with 60% to sewerage, while 51 Euro pp-1 y-1 was reserved for 
wastewater treatment (capex + opex)1. This number is slightly higher than the number 
given by Zessner et al. (2004), who calculated the overall cost of Danubian region 
wastewater treatment between 17-40 Euro pp-1 y-1, depending on the scale of the sewage 
treatment plant. From this yearly cost, about 11-16 Euro pp-1 y-1 was considered for 
operational expenditures. Personnel (~30-40%) and sludge disposal (~40%) appeared to 
be the highest factors, whereas energy costs were minor contributors (Zessner et al., 
2014).  
Total energy costs of advanced treatment systems are globally in the range of 0.36-
0.65 kWh per m3 (or equivalent to 20-42 kWh pp-1 y-1) wastewater treated, or about 1.9-
                                               
1 Farys (2017), personal communication 
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3.6 euro per person per year2 (Scherson & Criddle, 2014). Compared to our overall energy 
usage, this boils down to <0.5% (0.19% for Flanders)3. Wastewater treatment energy costs 
in Flanders, and extrapolated to Belgium are 27 and 47 million euros, respectively. This is 
still a considerable cost for a utility operating sewage treatment plants, and energy-
recovery from sewage, therefore, holds an important economic driver.  
To recover energy, anaerobic digestion of the produced, but badly biodegradable, old 
CAS sludge (methane yield = 30-40 % gCODCH4 gCODsludge-1) can be done (De Vrieze et 
al., 2016). This recovers max. 50% of the utilized energy, reducing net-energy 
consumption to about 0.18-0.36 kWh m-3 or even 0.11-0.18 kWh m-3, when primary settling 
(and, thus, recovery of more biodegradable organics) is included (Meerburg, 2016; Müller 
and Kobel, 2004; Verstraete and Vlaeminck, 2011; Siegrist et al., 2008). Another important 
economic incentive is carbon dosing. Certain locations in the world handle very stringent 
discharge nutrient limits, e.g. <6 mg TN L-1, to protect the sensitive aquatic environment. 
Other locations might have wastewater streams that lack sufficient influent organic carbon 
for denitrification. In both cases, organic carbon, e.g. methanol (300 euro/ton), is dosed to 
allow complete denitrification, and reach discharge limits, accounting for substantial 
additional costs. 
2.3 The future: two-stage systems 
Improving our sewage treatment line might lead to more cost-efficient sewage treatment, 
reducing operational costs, while avoiding harm to the environment. Many different roads 
can be walked upon, including decentralization with source separation, nitrogen and 
phosphorus recovery as e.g. single cell protein or struvite, or recovery of organics as for 
example volatile fatty acids from sewage (Verstraete & Vlaeminck, 2011; Verstraete et.al, 
2016, Cagnetta et al., 2016). Another road to be walked upon is what this thesis makes 
part of. It will focus on potentially easy implementable and more sustainable retrofitting of 
existing centralized sewage treatment plants, where energy recovery will play a significant 
role. 
This new sewage treatment plant can be designed as follows. Instead of having a one-
stage configuration, where nitrogen, carbon and phosphorus are removed together, the 
                                               
2 Calculations with 0.1 Euro kWh, 0.15 m3 pp-1 d-1 
3 Calculations for the Flemish utility for wastewater treatment, Aquafin. Energy consumption (2015) 
= 272 GWh, energy efficiency power generator = 40%, total energy production per capita in Belgium 
(2015) = 54519 kWh pp-1 y-1). 
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nutrient and carbon cycle can be separated into a two-stage system. This system is 
originally adopted from the Adsorptions-Belebungsverfahren (A/B-system), proposed 
during the energy crisis in the 1970’s by Böhnke (1977). In this scheme, carbon removal 
and nitrogen removal are separated in two-stages, and a minority of STPs around Europe 
still operate in this manner. The first C-stage (= A-stage) of the STP focusses on 
maximizing carbon redirection towards a biogas installation. This can be done by using 
biological redirection technologies, like high-rate activated sludge (HRAS) or high-rate 
contact stabilization (HiCS), which are operated at low sludge retention times (SRT <2d) 
and high carbon sludge loading rates (SLR > 2 g bCOD g VSS-1 d-1), obtaining a young 
and easily digestible sludge (methane yield = 50-60%) (Meerburg, 2016; De Vrieze et al., 
2016). Other alternatives are chemical enhanced primary treatment, where the incoming 
wastewater is chemically flocculated and coagulated to maximally redirect the organic 
carbon, or mainstream anaerobic digestion, which avoids redirection technologies, but is 
still under development to successfully operate under colder temperatures and low loading 
rates (Meerburg, 2016). 
 
Figure 1.3 Carbon redirection/Nitrogen removal (C/N) treatment plant, adapted from Meerburg 
(2016). SLR: Sludge loading rate. SRT: Sludge retention time. 
In optimal operation of this first C-stage, the second N-stage needs to treat a carbon-lean, 
but nitrogen-rich stream (bCOD/N = 1.5-3). For conventional nitrification/denitrification, not 
enough organic carbon is present to remove the nitrogen (bCOD/N < 4.8, including 
biomass growth and with 20% aerobic COD loss), so more carbon-efficient nitrogen 
removal technologies need to be applied, like nitritation/denitritation (bCOD/N = 2.9) or 
partial nitritation/anammox (bCOD/N ~0) (Matějů, 1992). The combination of both systems 
gives theoretically energy self-sufficient or even energy-positive sewage treatment plants 
(+0.11 kWh m-3), with the HiCS-PN/A showing the best outcome when the C-stage is 
working optimally (Meerburg, 2016). With a well performing N-stage, carbon dosing can 
be reduced, resulting in significant cost savings. This new type of sewage treatment plant 
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is a step forward towards more sustainable sewage treatment, where: ‘more can be done 
with same’, and which tackles the problem statement (= Section 1): 
a. More cost-effective and energy self-sufficient sewage treatment, 
which can be applied in both developing (leapfrogging current state-of-the-
art) and developed countries to reach the sustainable development goal 6. 
b. Reduction of anthropogenic nitrogen emissions, aiding to keep our 
planet within boundaries. More stringent effluent norms can be reached 
with the newly applied technologies, i.e. a fully controlled and stable PN/A 
will reach a maximum efficiency of 90%, resulting in maximum effluent 
concentrations of 5 mg N L-1 (influent N = max. 50 mg N L-1). Less external 
carbon dosing must be applied to reach lower standard norms. 
c. Water recovery from treated wastewater, and delivering water for water-
scarcity prone regions. With the current state-of-the art reverse osmosis 
efficiencies, ~0.36 kWh m-3 (for surface water) is achieved, which is better 
than for example reverse osmosis for desalination (>2 kWh m-3) (Gude, 
2015). The amount of energy required is similar to the potential gain of 0.32-
0.43 kWh m-3 energy recovery when transitioning from a CAS+AD to an 
energy-positive sewage treatment plant. An important side-note to make 
here is that one has to holistically consider each business case, including 
piping and pumping costs.  
Two-stage sewage treatment plants have thus a distinct advantage over the current state-
of-the art CAS system that is now in place. This thesis will focus on the development of 
the N-stage as partial nitritation/anammox. In the next sections, more in depth focus on 




3 Nitrogen transformations in PN/A reactors 
Until about 20 years ago, nitrogen conversions on earth were regarded as a nitrogen cycle, 
with N2 gas being fixed from the atmosphere, completely oxidized to nitrate by nitrification, 
and then again reduced to dinitrogen gas by denitrification. This classical cyclic view stood 
for long, yet, with the increasing state of knowledge on nitrogen transformations, the 
nitrogen “cycle” is more evolved to a web (Van Loosdrecht, 2017). This web of 
interactions was also apparent in partial nitritation/anammox reactors, where different 
shortcuts in the nitrogen cycle, as well as nitrite loops have been described (Figure 1.4) 
(Speth et al., 2016). The major and minor pathways, as well as their key microbial players, 
are discussed below. 
3.1 Major pathways in partial nitritation/anammox reactors 
3.1.1 Aerobic ammonia oxidation (nitritation) 
Incoming ammonia in sewage (in equilibrium with ammonium, and partially transformed 
from urea in urine) is converted with oxygen gas to nitrite by aerobic ammonia-oxidizing 
micro-organisms. The pathway (Figure 1.4, pathway 2) in all aerobic ammonium oxidizers 
is similar, with in a first step the oxidation of ammonium with oxygen to hydroxylamine 
(NH2OH) by a membrane-bound ammonia monooxygenase (amo) enzyme. In a second 
step, hydroxylamine is further oxidized to NO by hydroxylamine oxidoreductase (hao). This 
step was previously perceived as the oxidation of hydroxylamine to nitrite. Recent research 
however suggested a third, yet, unknown enzyme in the pathway, that oxidized NO to 
nitrite (Caranto and Lancester, 2017). This discovery can be of great importance to obtain 
more accurate models and future remediation for greenhouse gas emissions of NO and 
N2O by aerobic ammonium oxidizers.  
The main players in STP are the aerobic ammonia-oxidizing bacteria (AerAOB) from 
the genus Nitrosomonas (phylum β-proteobacteria). This genus is wide spread, from 
marine to fresh-water environments, with a broad range of kinetic parameters and niche-
differentiation (Koops and Pommerening-Röser, 2001; Kits et al., 2017). Commonly 
encountered species in STP are N. oligotropha, N. europaea/eutropha and N. communis 
(Dionisi et al., 2012; Siripong & Ritmann, 2007). Another commonly encountered AerAOB 
is the genus Nitrosospira (phylum β-proteobacteria), which became more apparent in STP 
under cold temperatures (Siripong & Ritmann, 2007). Other ammonia-oxidizing micro-
organisms, like ammonia-oxidizing archaea (Limpiyakorn et al., 2013) were log-factors 
less abundant, and are rarely dominant in STP. Complete ammonia-oxidizing bacteria 
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(Commamox, see later) have been discovered recently (Van Kessel et al., 2015; Daims 
et al., 2015), and their role and function in wastewater treatment still needs to be defined 
(Kits et al., 2017). 
 
Figure 1.4 Major and minor pathways that are potentially present in PN/A reactors (adapted from 
Speth et al., 2016). The major important genera that are present in STP are shown for the different 
pathways. AerAOB: Aerobic ammonia-oxidizing bacteria, NOB: Nitrite oxidizing bacteria, AnAOB: 
Anaerobic ammonium-oxidizing bacteria 
3.1.2 Aerobic nitrite oxidation (nitratation) 
The produced nitrite can be utilized aerobically by nitrite oxidizing bacteria (NOB), which 
will oxidize nitrite to nitrate by the enzyme nitrite oxidoreductase (nxr) with oxygen as 
terminal electron acceptor (Figure 1.4, pathway 3). Most commonly encountered NOB in 
STP were of the genus Nitrospira (phylum Nitrospirae) (Daims et al., 2001). Nitrite 
availability is one of the key drivers for niche-differentiation, and Nitrospira is regarded as 
a K-strategist (Nowka et al., 2015). Their high affinity for nitrite (KNO2 = 0.08-0.52 mg NO2-
-N) enabled them to become dominant in the mostly nitrite limited STP (Nowka et al., 2015; 
Manser et al., 2005; Park et al., 2017; Ushiki et al., 2017). Nitrobacter (phylum α-
Proteobacteria) is regarded as an r-strategist, with a lower affinity for nitrite (KNO2 = 0.69-
7.62 mg NO2--N) and higher maximum growth rates than Nitrospira, enabling to 
outcompete Nitrospira when nitrite levels sometimes peak (Nowka et al., 2015). 
Candidatus Nitrotoga (phylum β-proteobacteria) has in-between kinetics, but a maximum 
growth rate at 17°C, which gives them an advantage at lower temperatures in the STP 
(Lücker et al, 2015; Nowka et al., 2015).  
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3.1.3 Anoxic ammonium oxidation (anammox) 
The produced nitrite can also be converted anoxically. Anaerobic ammonium-
oxidizingbacteria (AnAOB) oxidize ammonium with nitrite to dinitrogen gas (Figure 1.4, 
pathway 1). This reaction potentially takes place in three steps. In a first step, nitrite is 
reduced to NO with nitrite reductase (Nir). It is proposed that this NO is then combined 
with ammonium to hydrazine over hydroxylamine by a multimeric enzyme called hydrazine 
synthase (HZS) (Dietl, 2015). In a last step, hydrazine is oxidized by hydrazine 
dehydrogenase (hdh) to dinitrogen gas (Maalcke et al., 2016). Nitrate is also produced by 
the bacteria in the anabolic cycle, where nitrite is oxidized to nitrate by a nxr to yield extra 
electrons required for CO2 fixation (Kartal et al., 2012). This nxr can also be used reversely 
with certain smaller organic electron donors, e.g., formate, acetate, propionate, reducing 
nitrate back to nitrite (Kartal, 2012). 
All characterized AnAOB, so far, are from the phylum Planctomycetes and the most 
common encountered genera in engineered systems are, from most to less encountered, 
Candidatus Brocadia, Candidatus Kuenenia, Candidatus Jettenia and Candidatus 
Anammoxglobus (Oshiki et al., 2015; Kartal et al., 2012). Candidatus Scalindua is only 
encountered in marine or halophilic environments. A lot of work is still ongoing on potential 
niche differentiating factors for AnAOB. In that regard, Candidatus Brocadia fulgida is 
considered as an r-strategist (KNO2- = 0.48±0.43 mg N L-1), while Candidatus Kuenenia 
stuttgartiensis is a K-strategist (KNO2- = 0.003-0.042 mg N L-1) (Oshiki et al., 2015). Other 
niche differentiating factors like temperature, oxygen sensitivity, salinity (among 
Candidatus Scalindua), … are being researched upon (Oshiki et al., 2015; De Cocker et 
al., 2017). 
3.1.4 Heterotrophic denitrification 
A third option for the produced nitrite to be channeled away is by heterotrophic or 
autotrophic (Section 3.2.3) denitrification. The most common pathway in PN/A is 
heterotrophic denitrification by heterotrophic bacteria (HBNOx-). In this pathway, nitrite is an 
intermediate in the reduction from nitrate to dinitrogen gas. In a first step, nitrate is reduced 
to nitrite with organic carbon as an electron donor by nitrate reductase (nar) (Figure 1.4, 
pathway 5). In a next step, nitrite is reduced by nir to NO (pathway 4), consequentially to 
N2O by nitric oxic reductase (nor) (pathway 10), and further to dinitrogen gas by nitrous 
oxide reductase (nos) (pathway 11). All reactions rely on organic carbon as electron donor 
(Zumft, 1997). Imbalance in this pathway, e.g., by micro-aerobic conditions can lead to 
incomplete denitrification and N2O emissions. 
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Heterotrophic denitrifiers (HBNOx-) come in many types, and parts or even the full 
pathway are present in many phyla. In some PN/A reactors, only nitrate reduction to nitrite 
has been dominant, indicating the existence of a nitrite loop, replenishing the nitrite pool, 
and elevating nitrogen removal efficiency larger than the theoretical 89% of PN/A (Speth 
et al., 2016; Malovanyy et al., 2015; Winkler et al., 2012). Better understanding on what 
conditions select for a heterotrophic side-community that only reduces nitrate to nitrite, i.e. 
influent bCOD/N levels and type, will enable to reach more robust and performant PN/A 
(Agrawal et al., 2017). 
3.2 Minor pathways in partial nitritation/anammox reactors 
3.2.1 Detoxification 
Many micro-organisms, including AerAOB and NOB have detoxifying mechanisms, only 
encoding for nir and nor to reduce stress from strong toxicants, like NO2- and NO (Figure 
1.4, pathway 4) (Speth et al., 2016). They do not have the full machinery to completely 
denitrify. This incomplete pathway may lead again to uncontrolled emission of NO and 
N2O in the environment. 
3.2.2 Aerobic heterotrophs 
Aerobic heterotrophs (HBAer) oxidize organic matter with oxygen as electron acceptor 
(Figure 1.4, pathway 8). The effect of aerobic heterotrophs in PN/A reactors has not been 
studied extensively, since operation of PN/A was mainly limited to highly autotrophic 
conditions (bCOD/N < 1). The major part of the community is still heterotrophic in these 
reactors (Speth et al., 2016; Agrawal et al., 2017), performing perhaps unknown important 
ecological functionalities. Oxidation of organic matter with oxygen should be avoided, 
since it is merely an extra energy cost. The influence of higher influent organic carbon 
levels plays on different aspects in design and process operation, which will be described 
in Section 4. 
3.2.3 Other pathways  
Other pathways that also (hypothetically) take place are: 
• Autotrophic denitrification (Figure 1.4, pathway 6): In this case, hydrogen that is 
produced by fermentation or other inorganic electron donors, like sulphur, are used 
to reduce NO3- to NO2- autotrophically, which further replenishes the nitrite pool 




• Complete ammonium oxidation (Comammox). Species of the genus Nitrospira 
have been recently discovered, and were able to completely oxidize ammonium to 
nitrate (Van Kessel et al., 2015; Daims et al., 2015). Niche-differentiation studies 
showed that outcompetition of other ammonium-oxidizing micro-organisms can 
occur in highly oligotrophic environments, and is successful when ammonium 
levels are < 0.06 mg NH4+-N L-1 (Kits et al., 2017). Other studies reported potentially 
high adaptability towards low inorganic carbon and phosphate environments 
(Palomo et al., 2017). Under oxygen-limited conditions, nitrite supply and co-
existence was reported with the anammox process, indicating that full nitrification 
might only occur when sufficient oxygen is present (Van Kessel et al., 2015; 
Lawson et al., 2017). The ecological relevance for PN/A reactors still needs further 
research, yet, due to their low maximum sludge-specific activities, combined with 
the low ammonium levels under which they compete successfully, it is rather 
unlikely that they will be enriched in PN/A. 
• Nitrite/nitrate-dependent anaerobic oxidation of methane (N-DAMO). Very slow 
growing micro-organisms (doubling time = 1-2 weeks at 30°C) that oxidize 
methane to CO2, while nitrate or nitrite is reduced to dinitrogen gas. These are 
potentially growing in more anaerobic - anoxic interfaces in PN/A biofilms. Although 
some successful co-cultures of N-DAMO archaea, N-DAMO bacteria and AnAOB 
exist (Luesken et al., 2011; Shi et al., 2013), ecological significance in PN/A still 
needs to be proven. Their presence and activity might increase if anaerobic 
digestion, and thus increase of soluble methane concentrations, will be applied in 
the main-line of the STP, as a replacement for other carbon redirection 
technologies (Delgado Vela et al., 2015). 
3.3 Choice of process configuration 
With the previously described pathways, different process configurations are feasible, and 
their stoichiometric reactions are described in Table 1.1. Conventional 
nitrification/denitrification is the most expensive process to remove nitrogen, because 
maximum organic carbon is needed (bCOD/N > 4.4, includes biomass growth and 20% 
aerobic COD loss), while ammonium is completely oxidized to nitrate. The yield of 
heterotrophic biomass (Ymax = ~0.5 g VSS g N-1) is also higher than autotrophs (Ymax = 
~0.04-0.15 g VSS g N-1), leading to increased sludge production and competition for space 
in for example biofilms (Wiesmann, 1994). Process configurations are mainly with 
alternating anoxic and aerobic zones, with internal recirculation of the produced nitrate to 
the first anoxic zone for optimal anoxic use of the incoming bCOD.  
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Shortcut nitrogen removal processes reduce the oxygen need, because ammonium is 
only oxidized to nitrite instead of nitrate, and less organic carbon is needed in the case of 
nitritation/denitritation (bCOD/N > 3.2). Partial nitritation/anammox (acronyms are oxygen-
limited nitrification denitrification (OLAND) or completely autotrophic nitrogen removal over 
nitrite (CANON) is the most carbon and energy-efficient solution, because no organic 
carbon (bCOD/N = 0) is required to remove nitrogen. Only a part of the ammonium 
(nitrite:ammonium = 1:1.3) is oxidized to nitrite, resulting in 60% less aeration, and 75% 
less sludge production compared to nitrification/denitrification, leading to 85% less 
operational costs (Vlaeminck, 2009). When slight amounts of bCOD/N, in the range of 0-
3.2, are present in the influent, hybrid process configurations with nitritation, anammox, 
denitritation and denitratation are desired, attempting to use the bCOD anoxically, avoiding 
aerobic organic carbon loss to CO2.  
Full-scale short-cut nitrogen removal technologies are currently successfully operated 
on wastewater streams like digestates that are characterized with high nitrogen 
concentrations >500mg N L-1 and temperatures >25°C. In this case, NOB-suppression is 
easily achieved by in-situ free ammonia (for PN/A and Nit/DNit) / free nitrous acid (Nit/Dnit) 
inhibition), low operational dissolved oxygen (<0.5 mg O2 L-1, depending on the diffusional 
limitations), selective retention of AnAOB (biofilms on carriers/support material or granules 
by cyclones or sieves), and high temperatures (> 25 °C) that benefit the growth and activity 
of AerAOB and AnAOB over NOB (Lackner et al., 2014). They are built in a one- or two-
stage approach, although most operational plants have shifted towards a one-stage 
process configuration, due to its smaller footprint and lower N2O emissions. Currently, 
more than 100 PN/A plants are operational in the world since 2014 (Lackner et al., 2014), 
with DEMON (DEMON, CH), Anammox (Paques, NL), Anoxkaldness (Veolia, FR), NAS 




Table 1.1 Stoichiometry of the key nitrogen pathways (nitritation, nitratation, denitrification, denitritation, anammox) and their combined processes (after 








(kWh kg N-1) 
Sludge  
production 
 (kg DW kg N-1) 
Stoichiometric reaction 
Nitritation (Nit) 0 1.7  NH4+ + 1.382 O2 + 0.091 HCO3- 
→ 0.982 NO2- + 1.891 H+ + 1.036 H2O + 0.091 CH1.4O0.4N0.2 
Nitratation 0 0.6  NO2- + 0.488 O2 + 0.003 NH4+ + 0.01 H+ + 0.013 HCO3- 
→ NO3- + 0.008 H2O + 0.013 CH1.4O0.4N0.2 
Denitrification (DN) 4.8 0  NO3- + 1.080 CH3OH 
→ 0.467 N2 + OH- + 1.440 H2O + 0.760 CO2 + 0.325 CH1.4O0.4N0.2 
Denitritation (DNit) 2.9 0  NO2- + 0.66 CH3OH + H2CO3 
→ 0.48 N2 + HCO3- + 1.59 H2O + 0.51 CO2 + 0.15 CH1.4O0.4N0.2 
Anammox 0 0  NH4+ + 1.32 NO2- + 0.066 HCO3- + 0.13 H+ 
→ 1.02 N2 + 0.26 NO3- + 2.03 H2O + 0.066 CH2O0.5N0.15 
Nitrification/ 
Denitrification (N/DN) 
4.8 2.3 1.83 NH4+ + 1.856 O2 + 1.058 CH3OH 
→ 0.457 N2 + 1.010 H+ + 2.349 H2O + 0.641 CO2 + 0.421 CH1.4O0.4N0.2 
Nitritation/ 
Denitritation (Nit/DNit) 
2.9 1.7 1.28 NH4+ + 1.382 O2 + 0.66 CH3OH + 0.091 H2CO3 
→ 0.48 N2 + 0.982 H+ + 2.63 H2O + 0.51 CO2 + 0.24 CH1.4O0.4N0.2 
Partial nitritation/ 
Anammox (PN/A) 
0 0.9 0.16 NH4+ + 0.792 O2 + 0.080 HCO3- 
 → 0.435 N2 + 0.111 NO3-  + 1.029 H+ + 1.460 H2O + 0.052 CH1.4O0.4N0.2 + 0.028 
CH2O0.5N0.15 




4 Microbial resource management of mainstream partial 
nitritation/anammox reactors 
It has been 20 years since anaerobic ammonium-oxidizing or anammox bacteria (AnAOB) 
have been conceptually proposed as game changers for the sustainability of sewage 
treatment in the so-called mainstream partial nitritation/anammox (PN/A) (Jetten et al., 
1997). The PN/A configuration is an autotrophic nitrogen removal process based on two 
consecutive conversions: ammonia-oxidizing bacteria (AerAOB) oxidize part of the 
ammonia aerobically to nitrite and AnAOB subsequently oxidize the residual ammonium 
with the formed nitrite to harmless dinitrogen gas. As PN/A does not require organic carbon 
and lowers aeration (energy) demand, it fits perfectly in a scheme for energy-autarkic 
treatment of municipal wastewater as secondary N-stage, enabling a primary C-stage to 
maximize carbon capture and redirection for methane production in the sidestream. 
Compared to sidestream PN/A, on sludge reject water, it is considerably more complex 
to achieve sufficiently high nitrogen removal rates and efficiencies for the mainstream 
process (Lotti et al., 2015). Particularly winter time in colder climates reduces growth and 
removal rates, necessitating a high AnAOB inventory and SRT. Characteristics of the pre-
treated sewage impact removal efficiencies, as, besides AerAOB and AnAOB, at least four 
microbial guilds are competing for four substrates, i.e. ammonium, oxygen, nitrite and 
organic carbon (Figure 1.5), and therefore also for space. Oxygen supports nitrite 
oxidizing bacteria (NOB) and aerobic heterotrophs (HBAer), competing with AerAOB; and 
NOB and anoxic heterotrophs (HBNO2-) compete for nitrite with AnAOB. In this section, 
available microbial resource management strategies for mainstream PN/A are compiled, 






Figure 1.5 Top: Network of the bi- and trilateral competitions for four catabolic substrates between 
six microbial functions in mainstream PN/A. Bottom: (De)Crescendo of the preferential presence 
and metabolic state of the six microbial functions to achieve high-performance mainstream PN/A. 
Abbreviations: An-/AerAOB: Anaerobic ammonium/Aerobic ammonia-oxidizing Bacteria; NOB: 
Nitrite Oxidizing Bacteria; HBAer/NO2-/NO3-: Heterotrophic bacteria consuming O2/NO2-/NO3-. 
4.1 Design and operational strategies: the story so far  
Until now, several PN/A strategies have been proposed to steer microbial competition, but 
some are not yet reproduced, and lack general consensus. These strategies aimed at (1) 
promoting growth and activity of AerAOB, AnAOB, and engaging nitrite and nitrate 
reducing heterotrophs (HBNOX-) while suppressing NOB, we Iabelled this as “ON/OFF” 
control; and (2) washing-out NOB and heterotrophs from the reactors, while retaining (and 
seeding) AerAOB and AnAOB, labelled as “IN/OUT” control (Figure 1.6).  




Figure 1.6 Strategies for design and operation of a one- or two-stage partial nitritation/anammox 
(PN/A) reactor. NOB: Nitrite oxidizing bacteria. AerAOB: Aerobic ammonia-oxidizing bacteria. 
AnAOB: Anaerobic ammonium-oxidizing bacteria. HB: Heterotrophic bacteria. HBNOx˗: 
Heterotrophic bacteria reducing nitrite or nitrate. SRT: Sludge retention time. bCOD/N: 
biodegradable chemical oxygen demand over nitrogen. 
4.1.1 ON/OFF control 
Studies based on the ON/OFF control strategy implemented specific oxygen and/or 




ammonium as a baseline needs to be present, i.e. 2-4 mg N L-1, as even sidestream PN/A 
fails with ammonium limitation (Third et al., 2001). It allows sufficient oxygen limitation in 
biofilms, and is the key control parameter to obtain nitritational granular reactors (Isanta et 
al., 2015; Pérez et al., 2014; Poot et al., 2016). This oxygen limitation will also protect 
AnAOB from oxygen inhibition (Lotti et al., 2015). In floccular systems, residual ammonium 
will promote the specific growth rate of AerAOB to ensure that the dissolved oxygen (DO) 
is the rate limiting parameter during aeration (Regmi et al., 2014; Wett et al., 2013). Apart 
from residual ammonium, aeration is also a key control parameter. Continuous low DO 
setpoints (< 0.2 mg O2 L-1) have been reported to minimize AnAOB oxygen inhibition, and 
increase competition for nitrite in the biofilm to suppress NOB (Laureni et al., 2016; 
Morales et al., 2016). Intermittent aeration balances the periodic supply of oxygen, known 
as “transient anoxia” by exploiting the nitratational lag (switch to aerobic after minimum 
15-30 min. anoxic) (Gilbert et al., 2014; Kornaros et al., 2010), complete nitrite 
consumption in the anoxic phase, and limiting AnAOB inhibition by oxygen (Chapter 2). It 
typically uses higher DO setpoints (> 1.5 mg O2 L-1) to maximize activity of AerAOB over 
NOB (Han et al., 2016; Malovanyy et al., 2015; Regmi et al., 2014; Wett et al., 2013). The 
knowledge gained until now leads to a mixed opinion about which aeration strategy is the 
best.   
Apart from aeration, the introduction of free ammonia (FA) and free nitrous acid (FNA) 
has been used as an “ON/OFF” approach. As FA and FNA cannot reach inhibitory 
concentrations in the mainstream, a return-sludge treatment that exposed thickened flocs 
from the clarifier has been proposed. By regularly exposing flocs to inhibitory conditions, 
it successfully suppressed NOB with 80-90% nitritation in a floccular reactor (Wang et al., 
2016; Wang et al., 2017).  
Municipal wastewater has a high carbon to nitrogen (C/N) ratio, which can promote HB 
over AnAOB. In the last few years, pre-treatment for organic carbon removal (known as 
“C-Stage”) has been proposed to ease the implementation of a mainstream PN/A (known 
as “N-Stage”). This combination has been adapted to: (1) remove the organic carbon 
fraction from municipal wastewater, and (2) maximize energy positive wastewater 
treatment through methane production in an anaerobic digestion reactor. High-rate contact 
stabilization (HiCS) appears to be the most promising solution, because it has low 
substrate oxidation and efficient removal of organic carbon (Meerburg et al., 2015). 
Nevertheless, the presence of heterotrophic bacteria (aerobic, HBAer; HBNOX-; and other 
heterotrophs, HBX) is inevitable in mainstream PN/A processes (Agrawal et al., 2017), due 
to the availability of residual COD in the effluent of the C-stage or soluble metabolic 
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products (SMP), released from AerAOB and AnAOB. The HBNOX- can preferentially 
participate in: (1) reducing the nitrate concentration in the effluent by maximizing anoxic 
bCOD utilization (Regmi et al., 2015), (2) and suppressing NOB by reducing nitrite 
availability along with DO control (Regmi et al., 2014). Such metabolic potential of a PN/A 
microbial community has already been observed (Speth et al., 2016), but it requires further 
activity-based studies to link abundance with activity. 
4.1.2 IN/OUT control 
The lower temperatures (10-25°C) under mainstream conditions lower the growth rates 
and activities of the desired organisms, requiring more selective control of the SRT of 
different sludge fractions. Long biofilm SRTs are required to retain AnAOB, due to their 
low growth rate, especially under low-temperature mainstream conditions (SRT =70d at 
15°C, >100d at 10 °C) (Laureni et al., 2016; Lotti et al., 2014). Therefore, biofilm-based 
reactors have been used, mainly as granule (Lotti et al., 2014; Morales et al., 2016), or 
through carrier material (Gilbert et al., 2015, Agrawal et al., 2017, Karst, et al., 2014) 
configurations, either having high removal rates with a lower efficiency or lower rates with 
a higher efficiency. In contrast, a short enough flocculent SRT to selectively wash-out 
NOB, yet, retain AerAOB is necessary (Han et al., 2016; Regmi et al., 2014). To bring 
these conflicting worlds together, one-stage hybrid systems (= granule/biofilm + flocs) 
(Laureni et al., 2016; Yang et al., 2017) have also been validated to achieve simultaneous, 
short-floc and long-biofilm SRT, allowing NOB washout from suspension and AnAOB 
retention in the biofilm. Another strategy might be the separation of nitritation and 
anammox in a two-stage approach, discussed later.  
4.1.3 ON/OFF + IN/OUT control = reactor solution 
The possible combination of various strategies belonging to the “ON/OFF” and/or “IN/OUT” 
approaches has been advocated for NOB out-selection. For instance, in a pilot study 
(Regmi et al., 2014) based on suspended biomass, operated at 25oC, a combination of a 
low aerobic SRT, intermittent aeration at high DO concentration and residual ammonium 
was successful for NOB wash-out. In a granular biomass reactor (Morales et al., 2016), 
operated at 15oC, lower SRT of the flocculent fraction with continuous aeration at low DO 
set-point also demonstrated NOB wash-out. Intermittent aeration at a low DO set-point, 
and strict SRT to just retain AerAOB and wash-out NOB also worked in a hybrid reactor 
(suspended and carrier-based biomass) (Lemaire et al., 2014). The information, to date, 
does present possible design and operation choices, but, criteria for designing a robust 




5  Thesis outline and objectives 
5.1 Introduction 
The state-of-the-art knowledge on mainstream PN/A does not allow for a process that is 
transferable, easy to operate and which reaches discharge limits. Most of the literature to 
date on mainstream anammox focused on empirical research, whereas more mechanistic 
insights are needed for a robust process operation. This thesis aims to acquire more 
mechanistic insights, by using the tools of microbial resource management, linking 
microbial activities/response with microbial abundance and taxonomy, while mathematical 
models were used to describe microbial responses. The first 3 chapters focus on 
mechanistic insights on how to steer the anammox (Chapter 2, ON/OFF) and partial 
nitration (Chapter 3 and 4, ON/OFF), while in Chapter 5 operational strategies for a hybrid 
PN/A (ON/OFF + IN/OUT) were explored (Figure 1.7).   
 
Figure 1.7 Overview of the thesis chapters, and how they relate to ON/OFF (i.e. 
stimulation/suppression desired/undesired bacteria) and IN/OUT (i.e. retention/removal of 
desired/undesired bacteria) control parameters, combined with the focus on mechanistic insights 
or operational strategies. 
5.2 Chapter overview 
In Chapter 2, the sensitivity of AnAOB towards oxygen was mapped (=ON/OFF). The 
short-term recovery after oxygen exposure was measured in high temporal resolution by 
an on-line ammonium sensor (Δt = 10 min). AnAOB gradually recovered after oxygen 
inhibition, with sometimes irreversible inhibition. This behavior was previously overlooked, 
and might impact the AnAOB growth rate with long-term repeated oxygen exposure. 
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In Chapter 3, the kinetics of AerAOB and NOB towards (un)controllable 
wastewater parameters (= ON/OFF), such as temperature, inorganic carbon (=alkalinity), 
residual nitrogen concentrations and phosphate were studied. This was done by 
comparing the kinetics over time in two distinctly different sewage treatment plants, Blue 
Plains (BP), US and Nieuwveer (NV), NL, which had an opposite AerAOB/NOB potential 
activity ratio at 20°C (BP = 0.6; NV = 1.6). An ‘add-on mechanistic model’ based on known 
activity describing models was developed to separately evaluate the effects of temperature 
and other wastewater parameters. It revealed the reason for the disproportionality between 
the AerAOB/NOB potential activity ratios. 
In Chapter 4, a novel, practically implementable and synergistic return-sludge 
treatment (= ON/OFF) was developed to suppress the flocculent NOB in hybrid reactor 
systems with flocs and biofilms, i.e. granules or carriers. Short- and long-term recovery of 
different combinations of stressors: free ammonia, sulfide and anaerobic starvation were 
tested on the flocculent fraction. We discovered a combined set of stressors that 
synergistically inhibits NOB more than AerAOB. 
In Chapter 5, a hybrid mainstream PN/A reactor was operated over a period of 
almost a year (ON/OFF + IN/OUT). The goal was to study the impact of aeration strategy, 
flocculent sludge retention time, N-loading rate, influent bCOD/N and sidestream bio-
augmentation on the performance and microbiology. A framework of nitrite-source and 
nitrite-sink was developed, and the impact of the different operational parameters were 
discussed on how to optimally operate hybrid mainstream PN/A.  
To conclude, in Chapter 6, a general discussion is presented based on a proposed 
scheme of our view on mainstream PN/A, being a one-stage plug flow hybrid PN/A 
with return-sludge treatment. Different prospects regarding the microbial resource 









High-resolution mapping and modeling of anammox 
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Oxygen inhibits anammox, a bioconversion executed by anaerobic ammonium-oxidizing 
bacteria (AnAOB). Nonetheless, oxygen is mostly found in the proximity of AnAOB in nitrogen 
removal applications, being a substrate for nitritation. The experiments performed to date were 
mostly limited to batch activity tests where AnAOB activity is estimated during oxygen 
exposure. However, little attention has been paid to the recovery and reversibility of activity 
following aerobic conditions, of direct relevance for bioreactor operation. In this work, an 
enriched microbial community in AnAOB was cultured at 20°C, consisting for 75% of the genus 
Brocadia. High-resolution kinetic data were obtained with online ammonium measurements 
and further processed with a newly developed Python data pipeline. The experimentally 
obtained AnAOB response showed complete inhibition until micro-aerobic conditions were 
reached (<0.02 mg O2 L-1). After oxygen inhibition, AnAOB recovered gradually, with recovery 
times of 5-37h to reach a steady-state activity, dependent on the perceived inhibition. The 
recovery immediately after inhibition was lowest when exposed to higher oxygen 
concentrations (range: 0.5-8 mg O2 L-1) with long contact times (range: 9-24h). The 
experimental data did not fit well with a conventional ‘instant recovery’ Monod-type inhibition 
model. These results indicate that recovery of AnAOB after oxygen exposure was previously 






Oxygen inhibits anammox, a bioconversion executed by anaerobic ammonium-oxidizing 
bacteria (AnAOB). Nonetheless, oxygen is mostly found in their cell-proximity in 
biotechnological applications. Partial nitritation/anammox (PN/A) is such technology that 
removes ammonium from organic carbon lean wastewaters in a cost-, energy- and waste-
effective way. It is already successfully installed to treat ammonium rich streams (500-1000 
mg N L-1) at higher temperatures (30-35°C), under so-called sidestream conditions (Lackner 
et al., 2014). Further application of PN/A in the main-line of sewage treatment would enable 
energy-positivity for these treatment facilities (Verstraete & Vlaeminck, 2011). The lower 
sewage temperatures (8-25°C in central Europe) and influent ammonium concentrations (30-
50 mg N L-1) impose challenges on controlling the balance in activity (ON/OFF) and retention 
(IN/OUT) of aerobic ammonia and anaerobic ammonium-oxidizing bacteria (AerAOB and 
AnAOB).  Nitrite oxidizing bacteria (NOB) benefitted from this imbalance when traditional 
sidestream operational strategies were applied, resulting in lower nitrogen removal efficiencies 
(Cao et al., 2017). Alternative operational strategies have been more successful at 
suppressing NOB activity. These included residual ammonium (>2-4 mg N L-1) and short 
floccular residence times (2-7 d), combined with intermittent aeration at higher dissolved 
oxygen (DO) setpoints e.g. 1.5 mg O2 L-1 for 0.25-0.5h (Han et al., 2016; Malovanyy et al., 
2015; Regmi et al., 2014). The potential AnAOB inhibition by these aeration strategies in i.e. 
granular or biofilms on carriers, was however not yet addressed, while a small modeling effort 
already revealed that full-oxygen penetration can occur in aggregates of 500 µm diameter 
starting from 1 mg O2 L-1 (See Figure 2.1, Figures A.1-A.2). 
Oxygen inhibition of AnAOB has been described most extensively for marine systems, as 
well as for some laboratory freshwater cultures. A wide range of inhibitory values were 
reported for marine systems, with 50% inhibitory concentrations (IC50) ranging from 0.03 - 0.36 
mg O2 L-1 (See Figure 2.2) (Babbin et al., 2014; Dalsgaard et al., 2014; Jensen et al., 2008; 
Kalvelage et al., 2011). The same holds for laboratory freshwater cultures of Brocadia 
anammoxidans or Kuenenia stuttgartiensis, with complete inhibition reported at micro-aerobic 
levels (<0.04-0.12 mg O2 L-1) (Egli et al., 2001; Oshiki et al., 2015; Strous et al., 1997). In 
contrast, higher IC50 were found for  
 





Figure 2.1 Oxygen penetration for a standard biofilm model with AnAOB, AerAOB, NOB, and 
heterotrophic bacteria that was exposed to different bulk dissolved oxygen peaks for 24 hours after 
steady state was reached (simulation of 1000 days; for biomass composition at that time, see Figure 
A.1) (Lackner et al., 2008). Influent composition: 50 mg NH4+-N L-1 and 100 mg L-1 slowly biodegradable 
COD. Biofilm thickness 250 µm (equivalent to a 500 µm granule). Temperature 20°C. Bulk dissolved 
oxygen concentration 0.2 mg O2 L-1. Loading rate: 125 mg N L-1 d-1. 
floccular cultures for Brocadia sinica (2 mg O2 L-1) and Brocadia caroliensis (3.8 mg O2 L-1) 
(Carvajal-Arroyo et al., 2013; Oshiki et al., 2011). This variability in reported DO-inhibitory 
levels can be due to inter-genera differences (Oshiki et al., 2015), potential adaptation towards 
oxygen stress, protection by oxygen consuming bacteria in small aggregates (Dalsgaard et 
al., 2014), and testing procedures i.e. mixing, aggregate size, etc (Dalsgaard et al., 2014). 
Furthermore, most studies done on fresh-water cultures tested a one-time exposure on 
anoxically enriched AnAOB, potentially influencing kinetics (Carvajal-Arroyo et al., 2013.; Egli 
et al., 2001; Lotti et al., 2012; Oshiki et al., 2011). Since AnAOB showed adaptation towards 
oxygen stress in their transcriptome (Yan et al., 2012), tests with recurring oxygen exposure 







Figure 2.2 AnAOB inhibition during oxygen exposure, reported in literature for marine and reactor 
environment, based on following references: Carvajal-Arroyo et al., 2013; Dalsgaard et al., 2014.; Egli 
et al., 2001; Jensen et al., 2008; Kalvelage et al., 2011; Lotti et al., 2012; Oshiki et al., 2011; Strous et 
al., 1997. 
Mathematical models have been widely used to study and optimize the PN/A process under 
different conditions (Hao et al. 2005, Ni et al. 2014, Terada et al. 2007, Pérez et al. 2014). The 
oxygen stress on AnAOB was a crucial factor for such modeling efforts, influencing reactor 
performance e.g. by comparing different aeration patterns (Corbala-Robles et al. 2016). In this 
case, oxygen inhibition was modeled by an instant recovery Monod inhibition model (Henze 
et al. 2000). This is in line with the experimental studies so far, where almost all focused on 
activity loss during oxygen exposure, which can be described by such model. Yet, only two 
studies looked at recovery of activity after anoxic conditions were restored (Lotti et al., 2012.; 
Strous et al., 1997). Both Lotti et al. (2012) and Strous et al. (1997) reported no loss of activity 
after exposure. As both studies used thick granules with a diameter of 1.1 mm, limited oxygen 
diffusion through the biofilm could have prevented oxygen inhibition. On the other hand, the 
low resolution of data, i.e. 6 data points over a period of 2h in the case of Strous et al. (1997), 
could have disguised short-term recovery effects.   
In this study, the effect of DO-pulse concentration and length on AnAOB activity was 
mapped. Ammonium profiles were measured on line and converted to high-resolution AnAOB 
activities by a newly developed data pipeline. Representative kinetic data were obtained by 
minimizing diffusional limitations by using small flocs (Ø4.3 = 168 µm), and by applying 
recurrent oxygen exposure. The experimental data was fitted to a classical Monod inhibition 
model, and implications for modelling the process are discussed.  




2 Material and methods 
2.1 Anammox reactor  
 Inoculum 
The reactor was inoculated with an AnAOB-rich biomass, with a small aggregate size to 
mitigate diffusional limitations. Biomass originated from a sidestream PN/A treatment facility 
at the STP of Breda, NL. To retain the AnAOB-rich granular biomass fraction (200-1000 μm), 
the sludge was first sieved with tap water over a 200 μm sieve. To mitigate diffusional 
limitations, it was then blended (± 2 min) in a kitchen blender and sieved again with reactor 
medium lacking in N-substrate over a 200 μm sieve. The blended, floccular biomass was 
retained, while unwanted, larger (in)organic particles were removed. 
 Reactor set-up and SBR operation 
The biomass was cultured in a 5.5 L anoxic sequencing batch reactor (SBR) and fed with 
anoxic, N2-gas flushed, medium (pH=7.2). This medium contained per L, 0.5 g of NH4+-N as 
NH4Cl, 0.65 g of NO2--N as NaNO2, 0.5 g NaHCO3, 3.9 g HEPES, 0.1 g CaCl2•2H2O, 0.2 g 
MgSO4•7H2O, 0.06 g Na2HPO4•2H2O and 1mL of trace elements solutions A and B 
(Supplemental Information A.3). DO levels and temperature were measured on line by an 
Oxymax COS61D sensor with a response time of 1s (Endress and Hauser, CH), whereas pH, 
ammonium, and potassium were measured by an IseMax CAS40D sensor with response time 
<2 min (Endress and Hauser, CH). Sensors were cleaned, checked and calibrated (only NH4+-
N) at least on a bi-weekly basis. The signals were sent to a Liquiline CM448 (Endress and 
Hauser, CH), which transmitted the signals to DaqFactory software (Azeotech, Oregon, USA). 
This software controlled and monitored the reactor operation and measurements. A typical 
SBR cycle was as follows. 1.) A new dose of influent (0.23 L over 4 min) was given every time 
nitrite was depleted, i.e. when ammonium was below a certain residual level and when the 
ammonium removal rate was below 40 mg N L-1 d-1. A residual ammonium level >5 mg N L-1 
was chosen to ensure that nitrite was always the limiting substrate. 2.) Similarly, 3 additional 
doses were given, raising the volume of the SBR from 4.25 to 5.17 L. 3.) After nitrite was 
depleted in the last spike, biomass settled for 30 minutes. 4.) Hereafter, the effluent was 
pumped out over a period of 7.5 minutes, and the cycle recommenced.  
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 Reactor conditions 
The reactor conditions were chosen to induce stable and optimal operation, with the added 
oxygen spikes as only disturbing factor. 1.) The reactor was kept anoxic by N2-gas flushing 
(except during an oxygen spike), and the change of headspace volume due to SBR cycling 
was compensated by a gas bag. 2.) pH was controlled at pH 7.2 by a 0.02 M HCl solution to 
compensate for the increase in pH from the AnAOB reaction and stripping when flushing with 
N2 gas. Under stable operation, the control of pH had a maximum ΔpH = 0.05. No limitation 
for CO2 was prevalent, because the reactor was buffered well at pH 7.2 (no large pH 
fluctuations). 3.) The reactor was located in a temperature-controlled room at 20°C. The 
temperature was stable during all experiments except for the experiment on day 18 (T = 21.5 
± 0.8°C), where the measured activity was corrected with a temperature Arrhenius coefficient 
θT = 1.10 (Lotti et al., 2014). 4.) Salinity (~43 mM NaCl), ammonium levels (5-40 mg N L-1), 
nitrite levels (0-35 mg N L-1) and nitrate levels (~100 mg N L-1) were all kept well below reported 
inhibitory levels for the genus Brocadia (Oshiki et al., 2015). 5.) Floccular sludge (Ø4,3 = 
168±24 µm) and fast stirring (200 rpm) was used to minimize diffusional limitations. Sludge 
was regularly taken out of the reactor for batch activity tests, resulting in a stable biomass 
concentration of 1.95±0.08 g VSS L-1 over the course of the experiments. 
2.2 Oxygen response curves in the reactor 
 Experimental procedure 
Two types of oxygen exposure experiments were executed; one in presence and one in 
absence of nitrite during oxygen exposure. For the experiments in the presence of nitrite (and 
ammonium), the oxygen was applied at the start of an SBR cycle after feeding. Oxygen was 
introduced with a syringe that added a certain volume of air in the bulk liquid. The dissolved 
oxygen level was adjusted manually to the desired level over a period of 2-hours by adding 
extra air in the headspace of the reactor. After the oxygen exposure period, the reactor was 
flushed with N2-gas, to restore anoxic conditions, and the recovery of AnAOB activity was 
monitored. The experiments in absence of nitrite were executed in a similar way, but N sources 
were supplied manually. Ammonium (~25 mg NH4+-N L-1) was supplemented before the 
oxygen spike, and nitrite (~32.5 mg NO2--N L-1) was added when the DO was below <0.02 mg 
O2 L-1 during flushing. For both sets of experiments, different oxygen concentrations (C) and 
exposure times (t) were applied (See Table 2.3). 




 Data processing: from ammonium concentrations to removal rates 
Datasets of the separate experiments were analyzed using Python (PSF, Oregon, USA). 
Several functionalities were implemented to obtain a reproducible workflow, also explained in 
more detail in supplemental information A.4. In short, for each substrate dose in the SBR 
cycle, the ammonium profile was monitored (Figure 2.3). These online ammonium 
measurements were first filtered. Double ammonium values and measurement errors were 
removed. In a next step, a calculation-window, over which the slopes were calculated was 
selected manually. This was done to remove the peak of substrate dose at the start and to 
remove the lower slopes due to nitrite limitation at the end. Within this calculation-window, a 
smaller Δt value of 10 minutes was chosen to calculate a higher frequency of slopes. From all 
the calculated slopes, a response curve was constructed. All code written for the data analysis, 




For interpretation of the response curve, different parameters were defined: 
• The activity lag phase was defined as the time before activity starts after oxygen 
exposure. 
• The initial recovery after oxygen inhibition was defined as the first rate calculated after 
oxygen was depleted.  
• The recovery time was calculated as the time between the initial recovery and the first 
timepoint when full recovery or steady-state was observed, i.e. when the % change of 
average activity compared to the previous substrate spike was <1%.  
• Irreversible inhibition was calculated as the difference between steady-state activity 





Figure 2.3 Conceptual illustration of the online data processing. (A) Raw data, in this case measured 
every 3 seconds, (B) data after applying the filter algorithms, (C) manual selection of the relevant slope, 
(D) separation in time frames, in this case 10 minutes for detailed slope calculation.  
2.3 Mathematical modeling 
A simple mathematical model was constructed in Aquasim 2.1g (Reichert, 1998) to fit the 
experimental data to a conventional Monod inhibition model. The model only included AnAOB 
biomass at a constant concentration (XAnAOB) during the simulation runs. Simulations ran for 
1-2 days, thus few biomass growth was expected. Influent ammonium and nitrite 
concentrations were 50 mg N L-1 and 60 mg N L-1, respectively. The model was composed of 
a conventional Monod-type growth process and a decay process (see Tables 2.1-2.2).  
Table 2.1 Gujer matrix of the model.  
Component → 
Process ↓ 
XAnAOB µAnAOB SNH4 SNO2 SNO3 SN2 
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Table 2.1 (continued) Gujer matrix of the model.  
Process ↓ Rate 
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Table 2.2 Kinetic parameters of the mathematical model.  
Name Description Value Unit Reference 
bAnAOB decay rate AnAOB 0.003 d-1 Hao et al. 
(2002) 
KNH4,AnAOB affinity constant ammonium AnAOB 0.07 g NH4-N m-³ Strous et 
al. (1998) 
KNO2 affinity constant nitrite 0.05 g NO2-N m-³ Hao et al. 
(2002) 
KO,AnAOB inhibition constant oxygen AnAOB 0.01 g O2 m-³ Strous et 
al. (1998) 
μAnAOB growth rate AnAOB at 20°C 0.05 d-1 this study 
YAnAOB Yield coefficient of AnAOB 0,159 g biomass g N-1 Strous et 
al. (1998) 
2.4 Oxygen response in batch tests 
A batch activity test was executed to determine AnAOB activity after extreme oxygen stress 
conditions: exposure to 8 mg O2 L-1 for 24h in presence of 40 mg NH4+-N L-1. Flocs were taken 
from the reactor at day 114 and placed in a pH 7.2 corrected medium of 3.87 g HEPES L-1, 
0.2 g •2H2O L-1, 0.1 g MgSO4•7H2O L-1, 0.005 g Na2HPO4•2H2O-P L-1, 0.5 g NaHCO3 L-1, 40 
mg NH4Cl-N L-1 and 1 mL L-1 trace elements solutions A and B (Table A.3). The Schott bottles 
were put on a stirrer and exposed to the air for 24h (=aerobic treatment), reaching 8 mg O2 L-
1 within the first hour. The bottles were then flushed with N2 gas prior to substrate dosing. 
Control bottles (anoxic control) were not exposed to oxygen, and flushed when the aerobic 
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exposure time started. 75 mg NH4Cl-N and 75 mg NaNO2-N L-1 were spiked at the beginning 
of the test. Concentrations of NO2-, NO3- and NH4+ were monitored over time. Volatile and total 
suspended solids (VSS and TSS) were measured to assess floccular sludge concentration to 
calculate biomass specific rates as mg N g VSS-1 d-1. Each test was performed in triplicate.  
2.5 Physicochemical analyses (offline) 
Nitrite and nitrate were measured with a 761 Compact IC (Metrohm, CH) and NH4+ with the 
Nesslerization method (Greenberg et al., 1992). To follow up biomass levels, volatile and total 
suspended solids (VSS and TSS) were measured with Standard Methods 2540D and E 
(Greenberg et al., 1992). The particle size distribution of the sludge was measured with an 
EyeTech (Ambivalue, NL). The high-resolution B&W CCD video camera determined the 
volume weighed average particle diameter in a ACM-101 magnetic stirring cell with the 
following settings: sample dilution 1:10, camera lens DW (range 10-600 µm), and setup = 
sludge DW A101. 
2.6 Molecular biomass analyses 
Total genomic DNA was extracted from the biomass samples using the Fast DNA Spin kit for 
soil (MP Biomedicals, US) according to a modified manufacturer’s protocol. The quality of the 
DNA was checked using gel electrophoresis, and the concentration was measured using a 
QUBIT (Thermo Fisher, US). Using the 16S Ion Metagenomics Kit ™ and Ion Xpress Plus 
Fragment Library Kit ™ (Thermo Fisher, US), V3-V4 16S rRNA hypervariable region amplicon 
library was generated, and each sample was tagged using Ion Xpress Barcode Adapters 1–
16 ™ (Thermo Fisher, US), according to the manufacturer’s protocol. Each sample was 
adjusted to a concentration of 10 picomolar. All samples were pooled in equal volume and 
processed with One-Touch 2 and One-Touch ES systems (Thermo Fisher, US) according to 
the manufacturer’s instructions. Sequencing was performed on an Ion Torrent (ION Torrent 
Ion S5) using the 200-bp kit and the 520 chip. Base calling and run demultiplexing were 
conducted by Torrent Suite version 4.4.2 (Thermo Fisher, US) with default parameters. The 
Ion reporter software was used for, (1) separating sequences based on their respective 
targeted regions; (2) then picking OTU (operational taxonomical unit) with its default settings. 
Overall, the de novo clustering of OTUs was done with 97% identity, corresponding to species 
level. The sequences were then classified based on the taxonomy in the Greengenes 
database (97% confidence threshold, version 13.5 May 2013) (McDonald et al., 2012). The 
sequencing data was analyzed in R, using ggplot2 (v0.9.3.1), to determine the community 
composition of the biomass in the reactor.  





3.1 Microbial community enriched in Ca. Brocadia 
Over the experimental period, the reactor community was enriched in one AnAOB OTU of the 
genus Ca. Brocadia from 64% (day 38) to 75% (day 106), based on 16S rRNA amplicon 
sequencing (See Figure A.6-A.7 for a more detailed community analysis). As this AnAOB is 
commonly encountered in engineered systems, it is anticipated that its response behavior to 
oxygen is applicable to PN/A applications (Oshiki et al., 2015).  
3.2 Experimental oxygen response curves 
AnAOB responded differently towards tested combinations of oxygen concentrations, 
exposure times and presence or absence of nitrite. An overview of the experiments is given 
in Table 2.3, while Figure 2.4 depicts typical activity curves including modeling efforts. The 
AnAOB response curve consisted of the following parts which will be described below: AnAOB 
activity prior and during exposure, an eventual activity lag phase, initial recovery after oxygen 
inhibition, and gradual recovery with or without irreversible inhibition.   
AnAOB activity in presence of O2 
During oxygen exposure, no ammonium was consumed, and AnAOB activity only regained 
when oxygen concentrations were below micro-aerobic conditions <0.02 mg O2 L-1 (Figure 
2.4, Panel C.2 and D.2), indicating a direct and high intolerance to oxygen.  
AnAOB activity lag phase after oxygen inhibition 
After oxygen disappearance, AnAOB reversibly and immediately reinitiated activity to 55-
80% of the pre-exposure activity, depending on the conditions during exposure. This drop of 
initial recovery after oxygen inhibition was not due to substrate (ammonium and nitrite) 
starvation during exposure, because longer anoxic periods without substrate did not result in 





Table 2.3 Overview of reactor experiments executed with low dissolved oxygen (DO) (blue) and high 
DO (red). Table shows DO exposure concentrations (C), times (t) and integrated exposure (Cxt), 
Response curves of the days highlighted in bold are shown in detail in Figure 2.4. 
  
  
Day n° DO concentration 
- C 
Exposure  
time - t 
Integrated exposure 
- Cxt 
    
  Average  
(mg O2 L-1) 
Peak Height 
(mg O2 L-1) 











38 (1/2) 0.12±0.07 0.23 2.64 0.014 






67 (1/4) 0.06±0.06 0.27 2.88 0.007 
75 (2/4) 0.06±0.04 0.19 2.64 0.007 
81 (3/4) 0.12±0.09 0.38 2.64 0.012 











18 (1/1) 0.47±0.21 0.75 8.71 0.177 






85 (1/4) 0.52±0.26 0.75 3.29 0.056 
98 (2/4) 0.35±0.24 0.81 3.89 0.088 
104 (3/4) 0.49±0.24 0.78 4.08 0.088 










Figure 2.4 Experimental and modeled response of AnAOB to oxygen exposure in the reactor. 
Conditions during exposure: low DO (blue squares), high DO (red triangle), subsequently with nitrite 
(filled) or without nitrite (empty). Ammonium was always present. The left-side graphs show the 
experimental data compared to an instant-recovery Monod model. The right-side graphs show the 
ammonium profile (AnAOB activity) at micro-aerobic levels. The vertical dashed line represents the 




In an ex-situ batch test, the effect of longer oxygen exposure (24h) at higher oxygen 
concentrations (8 mg O2 L-1) was tested (Figure 2.5). Activity could only be detected after a 
5h lag phase and it increased gradually from 10% to 91% of the initial activity after 26h under 
anoxic conditions. 
 
Figure 2.5 AnAOB recovery after exposure to 8 mg O2 L-1 for 24h with 40 mg NH4-N L-1, in the absence 
of nitrite. Ammonium (35 mg N L-1) and nitrite (75 mg N L-1) were dosed after oxygen exposure. Panel 
A depicts a typical measured ammonium profile after exposure, compared to an anoxically kept control, 
while Panel B shows the resulting sludge-specific activity after exposure (average ± standard 
deviation). 
Initial recovery after oxygen inhibition 
For the in-situ reactor tests, initial recovery after oxygen inhibition decreased from 81±3 % 
to 74±5% when AnAOB were exposed to higher compared to lower oxygen concentrations in 
absence of nitrite, on avg. 0.47±0.08 vs. 0.08±0.04 mg O2 L-1 (Figure 2.6, Panel A-B). This 
increased drop in initial recovery could also be due to longer exposure times for the high DO 
setpoint (Figure 2.6, Panel D-E), which were on avg. 3.7 +-0.3 h vs. 2.8+-0.2 h for the low DO 
setpoint. A lower initial recovery after oxygen inhibition was also recorded when AnAOB were 
exposed to 0.5±0.2 mg O2 L-1 for 8.7h in the presence of nitrite, with a gradual recovery from 
58% to full recovery after 37h (Day 18).  
 





Figure 2.6 Depicting the calculated kinetic parameters from the experimental reactor data. 1.) 
Measured initial recovery and recovery time after oxygen inhibition plotted versus oxygen concentration 
(Panel A-B), exposure time (Panel D-E) and integrated concentrations (C) x exposure times (t); Cxt 
(Panel F-G). 2.) reversibility of activity after exposure (Panel C). Plotted data can be found in Table A.8. 
Blue square: tests with low DO <0.2 mg O2 L-1. Red triangle: tests with higher DO > 0.5 mg O2 L-1. Filled: 






After exposure, AnAOB gradually recovered towards a steady-state activity. This recovery 
time until steady state was similar for the low and high DO setpoint, and in the range of 4.2-
6.8h, with on avg. 6.3±0.9 h. The recovery time also did not show any correlation with the 
concentration (C) (Figure 2.6, Panel A-B), exposure time (t) (Figure 2.6, Panel D-E), 
integrated Cxt (Figure 2.6, Panel E-F) or initial recovery after oxygen inhibition. AnAOB did 
not always fully recover (see Figure 2.6, Panel C and Figure 2.4, Panel B and C), and 
consistent irreversible loss of activity of about 5% was seen when the biomass was exposed 
to low oxygen setpoints of on avg. 0.06-0.12 mg O2 L-1 in absence of nitrite. A short 4h 
exposure with a high DO setpoint of on avg. 1 mg O2 L-1 and in the presence of nitrite also led 
to more severe irreversible loss of activity of about 9% (Figure 2.4, Panel C). Conversely, the 
short-term (~3h) and long term (~8h) exposures at DO setpoints in a range of on avg. 0.12- 
0.5 mg O2 L-1 with nitrite, as well as the higher DO setpoints of on avg. 0.35-0.52 mg O2 L-1 in 
absence of nitrite, did not reveal any irreversible inhibition. This indicates that the complex 
interplay of oxidative and nitrosative conditions, combined with substrate presence might 
regulate how AnAOB cope with oxidative and nitrosative stress.  
Modeling gradual recovery after oxygen inhibition 
The experimental data was fitted to a classical Monod inhibition model (Figure 2.4) with 
kinetic constants commonly applied in literature (Strous et al., 1998). The experimentally 
observed activities were not accurately represented. During the aerobic exposure at lower 
oxygen concentrations (Figure 2.6 A.1 and C.1) activity was still predicted. During the 
recovery phase, the model predicted that AnAOB activity reinitiated directly (switch function), 
while the experiments showed gradual recovery of AnAOB activity over a period of 2 to 4h.  
  





4.1 AnAOB inhibition by oxygen 
 AnAOB gradual recovery after oxygen inhibition 
To our knowledge this is the first report showing at high temporal resolution how AnAOB 
activity is affected by oxygen exposure. AnAOB were completely inhibited by oxygen, and 
after short exposure resumed activity directly, with a gradual recovery until original activity was 
± restored. Other anoxic/anaerobic bioconversions, for instance by sulfate reducing bacteria 
or denitrifying bacteria, which similarly to AnAOB rely on substrates derived from oxidative 
and reducing conditions at oxic and anoxic/anaerobic interfaces, responded kinetically 
similarly after oxygen exposure (Dolla et al., 2006; Fareleira et al., 2003; Kornaros & 
Lyberatos, 1998). AnAOB and other microbes living under recurrent oxygen exposure thus 
adapted towards these conditions, with production of anti-oxidative enzymes and recovery of 
activity after exposure, which cannot be explained by growth (Dalsgaard et al., 2014; Yan et 
al., 2012).  
The measured kinetic response is most likely overlooked so far because most studies 
investigated activity only during exposure. In the scarce cases studying also recovery, the 
outcome might have been biased due to lower data resolution after exposure, i.e. 4-6 
datapoints over a course of 2-6 h (Dalsgaard et al., 2014.; Strous et al., 1997) or aggregate 
size (Lotti et al., 2012; Strous et al., 1997). For example, Strous et al. (1997) reported no 
influence on biomass specific activity rates when a granular biomass (Brocadia) was 
repeatedly exposed for 20 days to 2h aerobic and anoxic conditions. Similarly, Lotti et al. 
(2012) reported no loss in activity after an extreme oxygen exposure of 24h and 5 mg O2 L-1 
for granular biomass (∅=1.1 mm). In both cases, diffusional limitations could have 
underestimated initial biomass specific activities, and consequentially inhibition could be 
masked by this underestimation.  
  Factors impacting initial recovery after oxygen inhibition 
With the current dataset, it was not feasible to deduct whether the oxygen concentration 
(Figure 2.6, panel A-B) or exposure time (Figure 2.6, panel D-E) had a larger influence on 
the initial recovery, as higher oxygen concentrations also had longer exposure times. It was 
hypothesized that ‘concentration times exposure time’ (Figure 2.6, panel F-G) steered the 
AnAOB response, but Spearman rank correlation analysis did not yield any correlation. 




and nitrite presence during exposure might differentiate the response. Both aspects require 
further experimental research to elucidate the exact factors determining initial recovery after 
oxygen inhibition. 
 Novel experimental procedure and impact on measured kinetics 
In this study, AnAOB responded very sensitive towards oxygen, with an observed IC100 of 0.02 
mg O2 L-1 or below. This showed that diffusional limitations in rather large flocs of ~200 µm or 
oxygen consumption by putative heterotrophs in the AnAOB satellite community did not shield 
AnAOB from oxygen. AnAOB sensitivity towards oxygen was comparable with some 
freshwater AnAOB, Brocadia sp. and Kuenenia stuttgartiensis, which were for 100% inhibited 
at micro-aerobic conditions of <0.04 and <0.12 mg O2 L-1 respectively (Egli et al., 2001; Strous 
et al., 1997). In contrast, two Brocadia-enriched floccular sludge types were very tolerant 
towards oxygen exposure, with IC50 values of 2 and 3.8 mg O2 L-1 respectively, which cannot 
be explained when compared to our or other studies (see Figure 2.2) (Carvajal-Arroyo et al., 
2003; Oshiki et al., 2011). Also, for marine AnAOB, higher IC100 values between 0.09 and 0.64 
mg O2 L-1 were reported (Babbin et al., 2014; Dalsgaard et al., 2014; Jensen et al., 2008; 
Kalvelage et al., 2011). For the latter, the difference between measured sensitivities was 
hypothesized to come from either different testing conditions, i.e. absence of mixing or 
presence in aggregates, shielding AnAOB (partially) from oxygen, or from more adapted 
AnAOB due to presence in oxygen minimum zones (Dalsgaard et al., 2014). As in our testing 
conditions AnAOB were repeatedly exposed to oxygen with low diffusional limitations, the 
obtained data probably resembled intrinsic and more adapted kinetics. The newly developed 
methodology, which obtained high-resolution data processed by a data-pipeline, is therefore 
highly suitable for studying kinetic responses of stressors and inhibitors on AnAOB.  
4.2 Modeling AnAOB inhibition by oxygen 
In mathematical modeling, oxygen inhibition of AnAOB has typically been modelled by an 
instant-recovery Monod model with an inhibition constant KO,AnAOB of 0.01 mg L-1 (based on 
Strous et al., 1998). With this kinetic constant, 10% AnAOB activity is expected at 0.1 mg O2 
L-1, which overestimated the expected activity of AnAOB during oxygen exposure in our 
experiments (see Figure 2.4). Further fine-tuning of this kinetic constant is thus necessary. 
After oxygen exposure, AnAOB directly resumed activity only in a range of 30-80% of the initial 
activity. This direct recovery of activity was conventionally reported and perceived as 
reversible activity of AnAOB without any activity loss (Dalsgaard et al., 2014; Egli et al., 2001; 
Lotti et al., 2012; Strous et al., 1997). From our experiments it is however clear that this is not 
the case, and more advanced ‘gradual recovery’ models which account for a delay in recovery 




to less than 100%, still need to be developed. Gradual recovery has been previously modelled 
for several other nitrogen bio-conversions. Alex et al. (2009) and Casasus et al. (2005) 
introduced an enzyme as additional state variable, and processes for its activation and 
deactivation to simulate bacterial lag phases for nitrification (Alex et al., 2009) and 
denitrification (Casasus et al., 2005). Another alternative is by modelling the specific growth 
rate. Kornaros et al. (2010) successfully modeled NOB lag phase after anoxic phases with the 
specific growth rate as dynamic variable influencing the growth rate. The latter enabled to 
exploit these lag phenomena to optimize NOB suppression in their reactors. These examples 
show that incorporating these more accurate models may lead to further insights on how to 
optimally operate mainstream PN/A.  
4.3  Long-term recurrent exposure 
Intermittent aeration patterns where AnAOB does not recovery fully after aerobic exposure will 
thus lead to reduced AnAOB growth rates. The choice of aeration strategy should be balanced 
with its effect on AerAOB and NOB, as the nitri -and nitratational lag becomes apparent after 
longer periods (20-30 min) of anoxic time (Gilbert et al., 2016; Kornaros et al., 2010). Modelling 
these effects together can therefore help us elucidate what is the best aeration strategy. When 
modeled, certain effects should be included, such as adaptation (Yan et al., 2012), niche 
differentiation (Oshiki et al., 2015), aggregate morphology, or nitrite availability, which also 
seemed relevant from the experimental observations.  
In practice, also aerobic processes and mass transfer limitations partially shield AnAOB in 
biofilms from oxygen exposure. For this reason, increased AnAOB resilience was reported in 
biofilm systems compared to flocs, e.g. lower nitrite build-up was detected when nitrification 
(and thus oxygen shielding) failed due to sudden or long-term disturbances in temperature 
drops (Gilbert et al., 2016.; Wells et al., 2017). However, completely anoxic conditions might 
be hard to achieve during intermittent aeration, and will also depend on the height of the 
oxygen peaks (See Figure 2.1) and spatial heterogeneity of the full-scale system. AnAOB 
recovery from oxygen inhibition will thus always be present in PN/A reactors, and experimental 
studies on long-term repeated exposure are warranted to achieve the process intensification, 





5  Conclusions 
AnAOB reside mostly in proximity of oxygen in wastewater treatment processes such as PN/A, 
possibly experiencing repeated inhibition. Nonetheless, it was not well understood how 
AnAOB activity is affected by oxygen stress. A newly developed methodology, which 
combined high temporal resolution measurements with a fit-for-use data-pipeline enabled to 
study this.  
1. AnAOB showed no activity during exposure (>0.02 mg O2 L-1). After oxygen 
inhibition, an initial loss in AnAOB activity compared to pre-exposure rates was 
recorded, followed by a gradual (partial) recovery of activity, dependent on the 
oxidative (or nitrosative) stress conditions. 
2. The initial recovery after oxygen inhibition was slower when exposed towards 
higher dissolved oxygen concentrations and contact times.  
3. Exposure to low oxygen concentrations of 0.05-0.2 mg O2 L-1 did not result in full 
recovery (~95%). 
4. The current state-of-the-art instant-recovery model does not describe this behavior 
accurately and new models need to be developed to describe the response. 
Long-term exposure with intermittent aeration might reduce AnAOB growth rates. Considering 
oxygen inhibition on AnAOB can thus be an important factor to optimize aeration patterns in 
single-stage PN/A reactors, allowing to maximize nitrogen removal rates and efficiencies. 
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Even though nitrification/denitrification is a robust technology to remove nitrogen from 
sewage, economic incentives drive its future replacement by shortcut nitrogen removal 
processes. The latter necessitates high potential activity ratios of ammonia oxidizing to 
nitrite oxidizing bacteria (rAerAOB/rNOB). The goal of this study was to identify which 
wastewater and process parameters can govern this in reality. Two sewage treatment 
plants (STP) were chosen based on their inverse rAerAOB/rNOB values (at 20°C): 0.6 for 
Blue Plains (BP, Washington DC, US) and 1.6 for Nieuwveer (NV, Breda, NL). 
Disproportional and dissimilar relationships between AerAOB or NOB relative abundances 
and respective activities pointed towards differences in community and growth/activity 
limiting parameters. The AerAOB communities showed to be particularly different. 
Temperature had no discriminatory effect on the nitrifiers’ activities, with similar Arrhenius 
temperature dependences (ΘAOB = 1.10, ΘNOB = 1.06-1.07). To uncouple the temperature 
effect from potential limitations like inorganic carbon, phosphorus and nitrogen, an add-on 
mechanistic methodology based on kinetic modelling was developed. Results suggest that 
BP’s AerAOB activity was limited by the concentration of inorganic carbon (not by residual 
N and P), while NOB experienced less limitation from this. For NV, the sludge-specific 
nitrogen loading rate seemed to be the most prevalent factor limiting AerAOB and NOB 
activities. Altogether, this study shows that bottom-up mechanistic modeling can identify 
parameters that influence the nitrification performance. Increasing inorganic carbon in BP 





One of the key challenges to achieve a robust process operation is the suppression of nitrite 
oxidizing bacteria (NOB), while maximizing the activity of aerobic ammonia-oxidizing 
bacteria (AerAOB). Different strategies to date focused on one or a combination of ON/OFF 
control e.g. by kinetic suppression by dissolved oxygen (DO) control, or by IN/OUT control, 
where selective wash-out of NOB is strived for (Thesis Chapter 1, Section 4). These 
combined strategies on real wastewater showed promising results, yet no full eradication of 
NOB, so more insights are necessary. As most studies focused on controllable process 
parameters like DO setpoints, loading rates, residual ammonium levels or sludge retention 
times (SRT) to achieve NOB-suppression, they tend to overlook the additional effect of 
mostly location-specific wastewater characteristics like inorganic carbon, phosphorus or 
temperature on the activity (=ON/OFF control) of AerAOB and NOB.  
Two strategies are commonly applied to link the activity or abundance of biomass with 
process parameters and wastewater characteristics in STP. The first strategy is to link these 
parameters with the abundance of different genera by means of easily applicable statistical 
exploratory data analysis tools, e.g., correlations and principle component analysis (Huang 
et al., 2010; Meerburg et al., 2016). These studies mostly focused on unraveling niche 
differentiation and did not include the link with actual microbial activities. Moreover, the 
uncoupling of different wastewater parameters may be challenging due to multiple 
correlations among wastewater parameters. The studies were however important to define 
which AerAOB and NOB are commonly selected by the long-term environmental pressures, 
and thus which kinetic parameters should be used in mathematical models. They showed 
that Nitrosomonas (AerAOB) and Nitrospira (NOB) were the most common nitrifying genera 
in STP (See Table 3.1) (Daims et al., 2001; Rowan et al., 2003), whereas Nitrosospira 
(AerAOB), Nitrobacter (NOB) and Nitrotoga (NOB) were less frequently encountered 
(Lücker et al., 2015; Rowan et al., 2003).  
A second strategy used process models to describe the performance in STP. These 
models combined transport, chemical and physical processes with earlier empirical models 
of bacteria’s activity and growth into one complex model. Some of these software tools, 
both available in commercial (i.e. BioWin, Sumo, etc.) and non-commercial variants, include 
more advanced 2-step nitrification models. In a review on efforts on these models, most 
advanced models included, although not always combined, differentiation on kinetic 
parameters for decay, pH, growth rate, yield, anabolism (inorganic C, P), and catabolism 
(N, O2) between AerAOB and NOB (Sin et al., 2008). Although these easy accessible 
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models have been successfully applied to model shortcut nitrogen removal processes (Al-
Omari et al, 2015), they still required substantial amount of time and complete sets of 
process data for case specific calibration and simulation (Hauduc et al., 2009). Furthermore, 
as they are mostly calibrated towards effluent concentrations, calibration for AerAOB and 
NOB potential activities is mostly not necessary and overlooked, yet crucial to run accurate 
shortcut nitrogen process models. 
Table 3.1 Substrate affinity of Nitrosomonas AerAOB and Nitrospira NOB as most common nitrifiers 
in conventional nitrogen removal systems, according to literature values for the Monod saturation 
model. From these literature values, numbers used in the add-on mechanistic model are given. 
Values between brackets give the average and standard deviation, calculated from literature: KNH4 
for ammonium oxidation (AerAOB) and NOB growth (Koops et al., 2001; Henze, 2008), KNO2 (Manser 
et al., 2005; Park et al., 2017; Ushiki et al., 2017), KO2 (Summarized in Table B.1), KP (van der Aa et 
al., 2002; de Vet et al., 2012), KTIC (Guisasola et al., 2007). N.A.: not applicable, + Assumed to be 
non-limiting. 
 AerAOB - Nitrosomonas NOB - Nitrospira 
 
Literature Model Literature Model 
KNH4 (mg N L-1) 0.42-0.85   - 1 1.0 <0.001+ 0.001 
KNO2 (mg N L-1) N.A. N.A.   0.08-0.52 [0.22±0.15]  0.23 
KO2 (mg O2 L-1)   0.033-1.16 [0.36±0.4]  N.A. 0.04-0.47 [0.19±0.15] N.A. 
KP (mg PO43--P L-1) 0.003-0.05 0.045 <0.0045+ 0.0045 
KTIC (mM C) 1.78  1.78 0.1 0.1 
 
Since the previous statistical methods and modelling approaches not always accurately 
predicted AerAOB and NOB activity ratios, there is a need for easy adaptable 
methodologies that can assess limitations for the complex environment that constitutes a 
STP. In this study, abundances and activities were linked with commonly monitored process 
and wastewater parameters. We compared two STP; Blue Plains, Washington DC and 
Nieuwveer, NL, which had a certain degree of similarity in wastewater and process 
parameters; yet had a different AerAOB over NOB potential activity ratio (rAerAOB/rNOB). 
To acquire insight on the most important parameters that control their activity, a novel and 
easily implementable add-on mechanistic model was set up. The aim was to disentangle 




 Material and Methods 
 Description and sampling of the plants 
Blue Plains is an advanced three-stage STP (Washington DC, USA) receiving municipal 
wastewater from the surrounding regions with an average flow rate of 1,140,000 m3 d-1 
(about 4 million population equivalents) (Figure 3.1 for a schematic overview). The first 
treatment stage is chemically enhanced primary treatment, which mainly removes 
particulate COD and phosphorus. The second stage is high rate activate sludge system 
(SRT = 2d), which removes biodegradable COD. The last stage is a plug-flow conventional 
nitrification/denitrification process. Here, the wastewater moves first through five aerobic 
(1.5 mg O2 L-1) sections of 247 000 m3 total (12 parallel reactors), with the last stage being 
a swing zone (41,000 m3; 0-0.5 mg O2 L-1). Finally, all the mixed liquor is combined and 
transferred to a denitrification reactor (177,000 m3), where nitrogen is removed with the aid 
of methanol addition. Altogether, 13 grab samples of about 3L of mixed liquor were collected 
over the course of a year to capture the whole temperature range. They were taken from 
the second aerobic stage of the nitrification/denitrification process and sent to the lab within 
10 minutes. For molecular analysis, mixed liquor samples were first centrifuged (10 min, 
4,000 g) at 4 °C, after which the sludge pellet was stored at -80 °C for later transportation 
and analysis.  
 
Figure 3.1 Schematic overview of the waterline of Blue Plains sewage treatment plant (STP).  
Dotted lines indicate parallel reactors. The sludge line is not depicted. The place of sampling is 
highlighted with a red star. 
The Nieuwveer STP in Breda, NL functions as a two-stage STP, treating industrial and 
municipal wastewater from Breda and its surroundings, with over the studied period on 
average 72,000 m3 (+- 340,000 population equivalents) of wastewater per day (Figure 3.2 
for a schematic overview). The first stage is a high-rate activated sludge treatment (SRT = 
0.5 d), redirecting a substantial fraction of the incoming carbon stream to the anaerobic 
digester. FeSO4 is added at the end of the A-stage to remove phosphorus. The second 
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stage treats the effluent of the first stage, removing nitrogen by means of 
nitrification/denitrification. The A-stage effluent is split over four parallel reactors. Three of 
the four reactors are equal in configuration and built earlier, having a volume of 5400 m3 
with sequentially an anoxic, two facultative oxic, two oxic and again one facultative oxic 
section. The fourth reactor has a volume of 12,000 m3 and sequentially two anoxic, four 
swing zones and four oxic (2.8 mg O2 L-1) sections. Both stages have the same sludge 
recycle ratio of 0.5. In the second stage, an internal recycle ratio of 0.04-0.1 is applied. The 
final effluent is recirculated over the whole wastewater treatment plant, with a recirculation 
ratio that varied between 0.3 and 1.5 over the course of the study, since a sidestream PN/A 
was installed at that moment.  From the first section of the second stage (4th reactor), over 
a period of 5 months, 9 samples of about 5L of activated sludge were taken. The fresh 
activated sludge was transported to Ghent, BE and stored overnight at room temperature 
to later determine the activity of AerAOB and NOB. It was assumed that transport and short-
term storage did not affect activity of the nitrifiers. For molecular analyses, samples of 60 
mL were taken at the plant and immediately centrifuged (10 min. at 4,000g). The obtained 
pellet was manually homogenized and subsamples of 0.5 mL were taken and flash-frozen 
in a cooling block of at least -20°C for transport, to be finally stored at -80°C.  
 
Figure 3.2 Schematic overview of the waterline of Nieuwveer sewage treatment plant 
(STP).  Dotted lines indicate parallel reactors. The sludge line is not depicted. The place of 
sampling is highlighted with a red star. 
 Process and wastewater data 
For Blue Plains, plant data (Table B.2) was obtained from the plant’s main lab and flow 
measurements from the plant operation department. Physicochemical analyses (NH4+, NO2-
, total soluble phosphorus, alkalinity, Mixed liquor suspended solids (MLSS)) were 
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performed daily according to standard methods (USEPA Method 160.2, 1999 revision). The 
plant average and standard deviation data were calculated based on the measurements at 
the activity test days. The daily effluent samples were 24 h composite samples collected by 
an on-site autosampler located at the clarifier after anoxic-phase. Total inorganic carbon 
(TIC) present in the wastewater was calculated from the total alkalinity measurements, 
using the carbonate balance at a certain pH while assuming that other ions (P, volatile fatty 





										 (eq. 3.1) 
For Nieuwveer, wastewater and process (SRT, HRT, R.factor) data (Table B.2) were 
obtained from the Waterschap Brabantse Delta (NL), who operate the STP. 
Physicochemical analysis of the samples was done according to Standard Methods 
(Greenberg et al., 1992 ), and the measured and calculated parameters are summarized in 
Table 3.3. The wastewater parameters were not always measured on the same day that 
the AerAOB and NOB potential activity tests were run. For the continuous measured data, 
e.g. temperature, recirculation factor, HRT, two-day interval data before the test was used. 
For effluent NH4+-N, weekly averages before the data point were calculated from continuous 
measurements in reactor section 9, by an Amtax SC from Hach Lange, US. Some 
parameters were measured intermittently (NO2-, TP, TSS, SVI). In these cases, we always 
chose the data from samples collected closest in time to the batch activity tests, ranging 
from 2 days before to one day after.  
 AerAOB and NOB potential rate determination  
Potential rates (rT) in both treatment plants were determined with a different methodology 
which does not impact the outcome of the measured value. Sludge taken from Blue Plains 
STP was added in a continuously mixed 1L reactor, located in a water bath that held the 
same temperature as the STP.  Dissolved oxygen in the reactors was controlled between 
2.5 mg L-1 and 3.5 mg L-1 and pH between 6.9 and 7.1 with H2SO4. Spikes of 20 mg NH4+-
N L-1 (as NH4HCO3) and 6 mg NO2--N L-1 (as KNO2), together with 250 mg NaHCO3 L-1 were 
dosed at the start to the bulk matrix. Concentrations of NH4+-N, NO2--N, and NO3--N were 
measured using Hach Vial test (Hach Company, Düsseldorf, Germany) every 10 minutes, 
and the total length of the test was approximately two hours. All batch tests were conducted 
in triplicate.  
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Nieuwveer rT for AerAOB and NOB was determined by constructing a Monod oxygen 
saturation curve, as described in previous research (Seuntjens et al., 2016). In brief, at 
different oxygen setpoints the potential rate of AerAOB and NOB was determined. On this 
data the Monod oxygen saturation curve was fitted.  The tests were performed in the matrix 
of the STP at different operational temperatures in the range of 10.6-17.4 °C without 
additions of bicarbonate or phosphate. Spikes of NH4+ (NH4HCO3) and NO2- (KNO2) were 
added to obtain concentrations of resp. 10 mg N L-1 and 5 mg N L-1 in the batch test, 
ensuring to be always well above the half-saturation constant for nitrogen, KN,AerAOB and 
KN,NOB (Table 3.1). Modelling the experiment in Python was used to estimate the potential 
rate at a given temperature, rT (De Mulder, 2014).   
 Arrhenius model fitting 
The non-linear Arrhenius temperature model fit was based on: 
rT = 	*'+°- . /001'+                  (eq. 3.2)                               
rmax20°C and θT were fitted to temperature and measured rates in the batch tests. 
Optimization of fit was performed by minimizing the sum of squared error (SSE) of prediction 
and actual measurements with a non-linear generalized reduced gradient algorithm 
(Microsoft Excel 2016, Microsoft, US).   
 Statistical data analysis 
A generalized linear model (glm) was fitted using the R language for statistical computing 
(Rstudio 0.99.903, R Development Core Team 2015). The description and mathematical 
details can be found in Results 3.5.1 and Supplemental Information B.3 respectively. 
Different limitations were added stepwise to the model, and the order was decided on 1) 
discovered correlations between wastewater and process parameters, and 2) the potential 
limitation occurring, deducted from literature saturation values.  Following packages were 
used for statistical data analysis: Spearman correlation analysis (hmisc), generalized linear 
model (car), analysis of variance by means of an F-test (car) (Fox et al., 2016; Harrel et al., 
2017). The impact of the order of the used parameters in the glm was tested with an Anova 
Type II F-test (car package), and did not influence the outcome. Contributions of the 
different model parameters were calculated as the average contributions of that parameter 
to the calculated rate for all data points. Significance testing was always performed at the 
5% significance level (α=0.05, FWER) 
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 Molecular analyses 
DNA extraction was performed by means of a DNeasy powersoil kit (Mo Bio). qPCR was 
performed to determine 16S rDNA abundances Nitrospira, Nitrobacter analogue to 
Courtens et al. (2016). In addition, 16S rDNA from AerAOB and all bacteria were also 
quantified, and specific procedure information is found in Table B.4. 
For identification, the 16S rRNA gene V3-V4 hypervariable regions were amplified (De 
Vrieze et al., 2016). Subsequently, absolute singleton operational taxonomic units - OTUs 
(i.e. OTUs with only a single read in the whole dataset) were removed and prevalence 
filtering was executed (McMurdie & Holmes, 2014). Subsequently, differential abundance 
testing was performed (based upon guidelines from the same publication) by means of the 
DESeq pipeline (as implemented in DESeq2, v. 1.16.0) (Love et al., 2014). In brief, size 
factors were estimated as well as the overdispersion parameter based upon the Negative 
Binomial distribution. Next, a Negative Binomial GLM was fitted with Wald statistics. Multiple 
comparison p-values were False discovery rate (FDR) controlled with the significance level 
set to 5% (α=0.05) (Benjamini & Yekutieli, 2001).   
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 Results  
 Arrhenius model fit  
To compare the temperature kinetics of both STP, an Arrhenius model was fitted in a non-
linear manner to the measured potential activity data (Figure 3.3 and Table 3.2). Both STP 
had similar temperature theta coefficients for AerAOB (1.1) and NOB (1.06-1.07). Aside 
from this temperature effect, the fits interestingly showed the key observation that both STP 
had an inverse rAerAOB/rNOB rmax20°C ratio; i.e., the ratio is 0.61 for Blue Plains, and 1.68 
for Nieuwveer. This indicated that some process and wastewater parameters might 
diversely influenced the activity or community of AerAOB and NOB. 
 Diversity in nitrifier communities 
qPCR-based abundances revealed continuous presence of AerAOB, and the NOB 
Nitrospira and Nitrobacter, with a slightly fluctuating AerAOB/NOB abundance ratio between 
0.10-0.15 for both STP (See Figure 3.3). Nitrospira were always present in higher 
abundance than Nitrobacter - on average ~20 times higher for Nieuwveer, and ~10 times 
for Blue Plains.   
Amplicon sequencing analysis was performed to further identify potential differences 
between the communities (see Figure 3.4). Comparing both communities, more than half, 
or 1000 of 1765 OTU, differed significantly between the two STP. Different OTUs were 
identified as AerAOB and NOB on the genus level. For AerAOB, Nitrosomonas was 
identified as the sole genus. Out of the eight detected OTUs, five had a significantly different 
abundance in both plants. Four OTUs, including the most abundant, were only present in 
either one of the STP. For NOB, only representative OTUs for Nitrospira were classified 
down to the genus level, while, in contrast to the qPCR, Nitrobacter was not. Three of the 
six detected OTUs were significantly different between the two STP, of which the most 
abundant Nitrospira OTU coincided in both STP. This difference in Nitrosomonas 
community may lead to different kinetics, i.e. different rmax20°C, while this is most likely not 




Figure 3.3 Measured potential activities (mg N g VSS-1 d-1) and relative abundances (16S rRNA 
gene count of AerAOB or NOB on total bacterial 16S rRNA gene count) and their respective ratios 
in function of temperature for Blue Plains and Nieuwveer, compared with a non-linear fitted Arrhenius 
temperature model.  
Table 3.2 Arrhenius temperature model parameters: values obtained from data fitting to the non-
linearized model (fits depicted in Figure 3.3), compared with literature values (Wiesmann, 1994; 
Wyffels et al., 2004). 
  
Blue Plains Nieuwveer Literature 
θT (-) 
AerAOB 1.1 1.1 1.10-1.12 
NOB 1.07 1.06 1.06-1.07 
rmax20°C AerAOB 85.4 315.2  
(mg N g VSS-1 d-1) NOB 138 187.5  
rAerAOB/rNOB (-)  0.61 1.68  





Figure 3.4 Differences in normalized log transformed counts for detected AerAOB and NOB OTUs 
for Blue Plains and Nieuwveer. Number next to the OTU is attributed when classifying the OTUs; the 
higher the number of reads over all samples, the lower the number. Closed symbols next to open 
symbols indicate outliers. OTUs with a star differed significantly (FDR=0.05). 
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 Dissimilar relationships between nitrifier abundance and 
activity 
To assess the link between microbial abundance and activity, both STP were compared in 
Figure 3.5. In this case, the difference in rmax20°C was not reflected in the change in average 
relative abundance (by qPCR). Whereas the relative NOB abundance in Blue Plains was 
almost twice as in Nieuwveer, the rmax20°C was 0.7 times lower. In contrast, AerAOB relative 
abundances were a factor 1.4 higher in Nieuwveer, but the rmax20°C was 3.7 times higher. 
The difference in measured rmax20°C could thus not be explained by a difference in relative 
abundance, yet some process or wastewater parameters or the above-mentioned 
community might explain the observed discrepancy. 
 
Figure 3.5 qPCR obtained average relative abundance (average 16S rDNA gene count of AerAOB 
or NOB on total eubacterial 16S rDNA gene count) plotted versus the fitted rmax20°C to a non-
linearized Arrhenius equation (eq. 3.2), compared between the two STP. 
  (Dis)similarities in STP process and wastewater parameters 
The Blue Plains STP, US and Nieuwveer STP, NL showed similarities and differences in 
their process and wastewater parameters. For Nieuwveer, no monitoring of pH and alkalinity 
was performed during the executed study and values depicted in Table 3.3 are from earlier 
or later measurement campaigns to acquire insight in possible limitations.  
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Table 3.3 Similarities and differences in process and wastewater parameters of the two plants 
(values represent mean ± standard deviation; difference evaluated at α=0.05). N: Nitrification; DN: 
Denitrification; HRT: Hydraulic retention time; SRT: Sludge retention time. 






Reactor configuration Plug-flow N/DN  
Plug-flow DN/N/DN 
 + internal recycle 
Carbon dosage Methanol None 
Year-round temperature (°C) 14.3 - 25.7 9.5 - 22.6 
Sludge concentration (g VSS L-1) 2.42 ± 0.60 2.49 ± 0.55 
Reactor loading rate (g N m-3 d-1) 88 ± 17 117 ± 14 
Reactor N removal efficiency (%) 94 ± 5 77 ± 10 
Aerobic HRT (d) 0.22 ± 0.03 0.10 ± 0.05 
Anoxic HRT (d) 0.15 ± 0.02 0.07 ± 0.02 
Anoxic SRT (d) 11.5 ± 7.6 11.7 ± 2.7 







Effluent alkalinity (mg CaCO3 L-1) 75 ± 9 182 ± 31* 
Effluent inorganic carbon (mM C L-1)° 1.09 ± 0.13° 3.48 ± 0.59° 
Effluent PO43--P (mg P L-1) 0.04 ± 0.04 1.39 ± 0.99 
Effluent ammonium (mg N L-1) 0.22 ± 0.54 1.10 ± 0.83 
Effluent nitrite (mg N L-1) 0.00 ± 0.01 0.52 ± 0.2 0 
Reactor pH 6.57 ± 0.10 7.65 ± 0.10+ 
* Measured values during a measurement campaign in June-August 2016 (Average of 3 dry 
weather values) 
° Calculations based on alkalinity measurements and pH bicarbonate balance 
+ Measured values are an average of the pH evolution between 1997-2009 
Over the measurement campaign, both plants had similar nitrogen loading rates (~100 g N 
m-3 d-1) and anoxic sludge retention times (±12d), although the aerobic sludge retention time 
is shorter in Blue Plains (16 vs. 22 d). Yearly temperatures are higher in Blue Plains (14.3-
25.7 °C) than in Nieuwveer (9.5-22.6 °C), with a similar seasonal temperature DT of 11-
13°C.  The influent raw sewage and different pretreatment steps prior to N/DN resulted in 
different wastewater parameters in the reactor. These differed significantly (p<0.05) 
between the two STP: effluent inorganic carbon (as alkalinity), ammonium (NH4+-N), nitrite 
(NO2--N), and phosphorus (P) were much more limited in Blue Plains than Nieuwveer, 
creating potential activity and growth limitations (see Table 3.1).  For Nieuwveer, only 
nitrogen levels (NH4+-N /NO2--N) could limit their potential activity.   
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 Specific process and wastewater limitations control activities 
To further investigate what process and wastewater parameters affected AerAOB and NOB 
activities in the two STP, a Spearman non-linear correlation analysis (Table B.5 and B.6) 
was executed. In Table 3.4, all significant correlations (p<0.05) for a selection of wastewater 
parameters are depicted. For Blue Plains, positive correlations were found between the 
measured potential activities and their ratios with temperature, phosphorus (P), inorganic 
carbon (IC) and pH. For the latter three, temperature can act as a possible confounder since 
it also had positive correlations with these variables. For Nieuwveer, aside from 
temperature, these wastewater characteristics did not show positive correlations. In 
contrast, the sludge-specific N-loading rate and sludge retention time (SRT) showed 
positive correlations with the measured rates and their ratios. Temperature could also act 
as a confounder here, so elucidation required further assessment. 
 Uncoupling temperature from other limitations 
To separately evaluate the effects of temperature (T) and other wastewater parameters, the 
Arrhenius model was sequentially complemented with specific terms for P, NH4+-N, NO2--
N, inorganic carbon, and pH, called add-on mechanistic model (Supplemental Information 
B.3). For the impact of the N-loading rate, a different approach was applied (Section 3.6.3) 
The modelled approach (see Supplemental Information B.3 for a detailed 
mathematical description) was based on the linearization of a combined Arrhenius 
temperature model and (separate) addition of different substrate activity models: i.e. a 
Monod saturation model for NH4+-N, P, inorganic carbon or a sigmoidal inorganic carbon 
activity model. An example equation of this linearized model, including Monod saturation is 
as follows: 
ln	0  Tln/0 5 a ln 7 8989&:9; 5 b ln 7
8)
8)&:)
; 5 ⋯5 n ln 7 8>8>&:>; 5   (eq. 3.3) 
With C = ?20/0 5 ln	*'+°"; S = wastewater parameter; K = Saturation constants, 
and a, b, …, n fitted coefficients. 
The model was fitted to the measured potential rates in the external batch tests, with 
literature values of the model constants (i.e., saturation constants) (see Table 3.1). This 
means that the model is not fitted on the actual limited AerAOB/NOB activities in the STP, 
since they cannot be measured unless the system is overloaded, but on the measured 
potential activities, given possible limitations that were present in the batch test (e.g. P, 
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inorganic carbon). This potential activity differs from the model estimated maximum 
achievable activity, rmax20°C, which will be apparent under unlimited growth-conditions over 
a longer period for the same community.  
Table 3.4 Spearman’s rank correlation coefficients between biomass properties (activities and 
relative qPCR abundances) and process and wastewater parameters in the effluent/mixed liquor (‘-’ 
indicates no significant correlation; p<0.05). Cells with a grey background were not included in the 
analyses: for Blue Plains, nitrite was below the detection limit, and for Nieuwveer, inorganic carbon 
(as alkalinity) and pH were not monitored. TIC: total inorganic carbon. TIC and HCO3--C were 
calculated from alkalinity measurements and the pH balance. NOB: sum in abundances of Nitrospira 
and Nitrobacter. SRT: total sludge retention time.  
  































































































Temperature 1.00 -   0.78 0.78 0.77 0.63 - - 
rAerAOB 0.91 -   0.71 0.83 0.79 0.57 - - 
rNOB 0.83 -   0.66 0.79 0.73 0.59 - - 
rAerAOB/rNOB 0.71 -   0.61 0.86 0.84 0.62 - - 
Nitrosomonas - -   -     - - - 
Nitrospira - -   - 0.69 0.65 - - - 
Nitrobacter - 0.71   -     - - - 
NOB 0.55 -   - 0.75 0.70 - - - 









Temperature 1.00 - 0.83 0.88       0.81 - 
rAerAOB - - - -       0.90 0.71 
rNOB  0.88 - - -       0.76 - 
rAerAOB/rNOB - - - -       - 0.77 
Nitrosomonas - - - -       - - 
Nitrospira - - - -       - - 
Nitrobacter 0.79 - 0.71 -       0.71 - 
NOB - - - -       - - 
AerAOB/NOB - 0.76 - -       - - 
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The model estimated θ coefficients for temperature and pH, maximum achievable activities 
at 20°C, rmax20°C, and the presence or absence of a certain substrate limitation by 
estimation of the limitation coefficients a, b, …, n. The affinity constants were fixed, and the 
weight of each substrate limitation, e.g. Monod term, on each model fit was evaluated by 
the fitting of the limitation coefficients a, b, …, n. The coefficient for each limitation was 
interpreted as follows: a) close to 1: substrate limitation is occurring, b) close to 0: no 
substrate limitation is occurring, possibly because the real affinity constant was smaller than 
the used literature value c) all other values (>> or << [0,1]): unrealistic fit of the model. To 
evaluate the goodness of the model fit, the following four things, in order of importance, 
were analyzed: 1) The estimated parameters were realistic (limitation coefficients; either 0 
or close to 1, rmax20°C and θT; in line with expected literature values), 2) The increase in 
model complexity (i.e. extra limitation added) led to a minimum of residuals, 3) The 
estimated parameters were contributing significantly (p < 0.1) to the model fit and 4) The 
model fit was statistically different (p<0.05), by means of an F-test, from a baseline 
Arrhenius temperature model. 
Finally, to assess the impact of the abundance of AerAOB and NOB, the model fits of 
bulk activity in mg N g VSS-1 d-1 were compared to model fits of genera-specific activities in 
mg N g VSSAOB-1 d-1 or mg N g VSSNOB-1 d-1, by correcting the VSS mass for the relative 
AerAOB or NOB abundance obtained from qPCR data (16S rRNA gene count of AerAOB 
or NOB on total eubacterial 16S rRNA gene count). When both model types had the same 
realistic model fit, the bulk sludge activity reflected the abundance of AerAOB and NOB in 
the sludge, meaning that the sludge was limited by lacking substrate. If only the bulk activity 
was showing a realistic model fit, the sludge was substrate-limited and abundance does not 
reflect immediate activity.  
 
In Figure 3.6, for both STP the best model fits for rAerAOB and rAerAOB/rNOB, chosen 
from Table B.7 and Table B.8 according to the goodness-of-fit criteria listed above, are 
depicted together with their estimated model parameters. These model fits (blue line) were 
compared to a simple Arrhenius temperature model (green line) and the actual data (red 
squares). For Blue Plains, the best model fit included all limitations; T, P, NH4+-N, inorganic 
C, whereas for Nieuwveer, the model that included phosphate did not yield realistic fits (= 
unrealistic P-coefficient, Table B.8), and thus only temperature and nitrogen levels (NH4+-
N/NO2--N) were considered. 
 




Figure 3.6 Ammonia oxidizing bacteria rate (rAerAOB; top panels) and nitrifier rate ratio (rAerAOB/rNOB; bottom panels) in the two sewage treatment plants 
(STP) as a function of temperature: measured data (red squares), Arrhenius temperature model (green circles), and best fitting add-on mechanistic model (blue 
triangles). The embedded tables display the measurement range for each parameter and the fitted variables (rmax20°C, θtemp) and coefficients (P, NH4+, IC) to 




For Blue Plains, the variation in the data could be better described by this more complex 
model compared to a simple Arrhenius temperature model. Inorganic carbon limitations 
were playing a major role in the measured activities of AerAOB and thus rAerAOB/rNOB 
ratio, while nitrogen levels and phosphorus were not.  In the case of Nieuwveer, the 
variation in the data could not be explained by the limitation in ammonium or nitrite alone, 
adverting to other unknown factors (e.g. during transport or storage) or limitations that 
played an important role in the measured activities and model fits.  
When we compared the modeled limitations of genera-specific activity rates with those 
of the bulk specific activity (Table B.7 and B.8), the model types were not in line with each 
other for Blue Plains, indicating that there were activity limitations that are independent 
from the abundance of AerAOB and NOB.  For Nieuwveer, the fits are in line with each 
other, and it is thus suggested that the observed activities were at least partially, 
attributable to differences in abundance, rather than sole activity limitations. 
 
Inorganic carbon (IC), calculated from total alkalinity measurements, was only monitored 
in Blue Plains during the experiments, whereas in Nieuwveer a later measurement 
campaign raised insight in possible limitations.  
For Blue Plains, to investigate the effect of IC, different IC-models were added to a T 
+ Psat + NH4sat model: 1) two Monod saturation models: One with total inorganic carbon, 
ICsat,TIC, and one with bicarbonate as source of inorganic carbon, ICsat,HCO3-, 2) three 
sigmoidal activity models, with two sets of widely varying literature kinetic constants for 
AerAOB or nitrification; ICsigm1,TIC or IC,sigm1,HCO3- (KICAOB = 1.11 mM C, KICNOB = 0.1 mM C, 
a = 0.57 mM C) (Guisasola et al., 2007)  and ICsigm2,TIC (KICAOB = 4.17 mM C, a  = 0.83 mM 
C)(Wett & Rauch, 2003) , and 3) an exponential pH model for nitrification, ICpH, that 
describes both carbon limitation and loss of activity due to changes in pH (Henze, 2008). 
Only for the Monod saturation models, differentiating kinetic constants for AerAOB and 
NOB were found in literature (Table 3.1). For the sigmoidal model, a KICNOB was assumed 
based on the parameters of Guisasola et al., (2007). 
Blue Plains rAerAOB showed to be sensitive to inorganic carbon limitation, with a 
significant parameter contribution of rmax20°C and ΘT to all inorganic carbon models, 
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except for the pH model. The best rAerAOB model fits (Table B.7) were achieved by using 
the ICsigm1,tic or ICsat,tic model, with an IC-coefficient close to 1 (=0.75-1.18). For rNOB, 
results showed that the activity was less sensitive to changes in inorganic carbon, with 
only a minor increase in the estimation of rmax20°C. For rAerAOB/rNOB, the best fit (IC-
coefficient of 1.08) was achieved with a Monod saturation model based on TIC. The θT 
and rmax20°C changed from [1.03, 0.6] to [1.02, 1.8], compared to a simple T model, 
although only for the latter, a significant estimation of both parameters was achieved. The 
sigmoidal model did not yield better results.  
 
For Nieuwveer, correlation analysis (Table 3.4) indicated a significant positive correlation 
of the loading rate with temperature, rAerAOB and rNOB. For Blue Plains, no significant 
correlations were found. To better understand the Nieuwveer case, one would expect, a 
higher correlation coefficient with rAerAOB and rNOB when the loading rate is within the 
timeframe of 1 SRT (~30d) (Figure 3.7). This is because historical loading rates (past 
operation, values in the negative side of the x-axis) influence the abundance of AerAOB 
and NOB and thus increase or decrease their observed activities. on the historical loading 
rate. 
 
Figure 3.7 Spearman rank correlations between rAerAOB, rNOB and rAerAOB/rNOB at any time 
point, and the average sludge-specific NH4+ loading rate over the given interval around that time 
point. A correlation frequency of 1-week was used due to limitations in data-availability. The blue 
dashed line represents the theoretical curve if there would be a perfect correlation only at time t=0; 




The calculated correlation coefficient, depicted in Figure 3.7, showed a peak for rAerAOB 
and rNOB at week -1, indicating that for both bacterial genera, the activity was largely 
affected by loading rate that occurred in the plant one week earlier; more so than by the 
instantaneous loading rate. This was not reflected in the rAerAOB/rNOB ratio, suggesting 
that the activity ratio was not dependent on the historical loading rate. 
  




A more detailed discussion on some parts can be found in Supplemental Information 
B.9. Here some of the results are discussed more in detail in light of the goodness-of-fit 
criteria. 
 Limitations in nitrifiers’ growth and activity 
 
The results confirmed that AerAOB were more temperature-sensitive than NOB, with 
indifferent temperature kinetics for the two STP, although AerAOB communities were 
different (Wiesmann, 1994). Furthermore, Nitrospira, which was the most abundant NOB 
in both STP, showed temperature kinetics similar to the reported literature values for 
Nitrobacter, confirming previous research (Blackburne et al., 2007). For modelling 
purposes, these were important results, because it suggests that no differentiation must 
be when modelling different AerAOB or NOB communities.  
Interestingly, at temperatures lower than 13°C, the rAerAOB/rNOB ratio increased for 
Nieuwveer, which could not be explained by other limitations (Figure 3.3, data points at 
lower temperatures). For Blue Plains, no data at these temperatures was acquired. These 
results are in line with previous research of Gilbert et al. (2015), who recorded similar 
rAerAOB/rNOB temperature behaviors in 3 different PN/A sludges, and reported nitrite 
accumulation in STP at lower temperatures. This would implicate that Arrhenius modelling 
might only work in a range from 13 to 35 °C, and that below 13°C, either more specialist 
AerAOB might take over, or that AerAOB were more resistant to colder temperatures. 
Since no shifts in AerAOB or NOB community were revealed at low temperatures by 16S 
amplicon sequencing, the data supports the latter possibility.  
 
Results from both treatment facilities suggested that phosphate limitation was no 
important parameter. The scarce amount of literature reported KPAOB in the range of 0.003-
0.05 mg P L-1 in groundwater filters (van der Aa et al., 2002; de  Vet et al., 2012), and a 




0.01-0.08 mg P L-1, limitations could have occurred in Blue Plains, yet sensitivity analysis 
(Figure B.10 and B.11) indicated no impact when increasing KPAOB or KPNOB. Thus, 
although both STP differed in pretreatment prior to N/DN and resulting P-concentrations, 
this impacted most likely not the activity of AerAOB and NOB. 
 
Model fits of Blue Plains showed that inorganic carbon potentially limited AerAOB activity, 
suggesting that [θT, rmax20°C] of rAerAOB/rNOB would increase to [1.021-1.027, 1.2-1.8] 
when no IC limitations were present. This kinetics would coincide with the ones of 
Nieuwveer, where inorganic carbon and other limitations were almost not present, with an 
estimated θT and rmax20°C of [1.03, 1.54]. This showed that inorganic carbon was most 
likely the only limiting factor for AerAOB in Blue Plains. Further discussion (see 
Supplemental Information B.9) suggested that modelling with bicarbonate and a 
sigmoidal model most likely resulted in a better description of bicarbonate limitation, which 
is in line with literature (Guisasola et al., 2007; Jiang et al., 2015; Mellbye et al., 2016). 
Previous studies suggested that IC limitation for nitrification mainly prevailed in highly 
loaded N-removal systems, such as side stream PN/A with a low influent bicarbonate-
over-ammonium ratio. STP in regions with low influent alkalinity and BOD, or with deep 
aeration tanks with a high oxygen uptake rate also risked limitations (Sin et al., 2008; Wett 
& Rauch, 2003). This was also reflected in modelling efforts, where usually AerAOB and 
NOB kinetics were not differentiated by using very low saturation constants (0.008-0.1 
mM C). This study suggests that inorganic carbon is an important parameter to consider 
under the conditions of a conventional STP. Literature supported that IC limitation affects 
the rate of AerAOB in the range of 0-3.5 mM TIC, which lies well within the range of 
process parameters of most STP, as well as for Nieuwveer STP (3-3.5 mM TIC, pH 7.1-
7.6) (Guisasola et al., 2007; Mellbye et al., 2016). Furthermore, reduced inorganic carbon 
levels to ~40 % of the required growth demand, resulted in overgrowth of NOB in PN/A, 
mainly due to lower AerAOB and AnAOB activity (Ma et al., 2015). To further optimize the 
rAerAOB/rNOB ratio for purpose of shortcut nitrogen removal, for either partial nitration 
with or without the anammox process, it can be helpful to maintain inorganic carbon 
effluent levels at 3-3.5 mM C. 
  




Nitrogen levels played an important role in Nieuwveer, and not in Blue Plains, although 
more limiting. For Nieuwveer, the indication of nitrogen limitation by the model fits were in 
line with the dependency of the activities on the sludge-specific loading rate, and with the 
similar response of the abundance-corrected model compared to the bulk activity model. 
This showed that both AerAOB and NOB were capable to process a higher nitrogen load, 
and no obvious activity/growth limitations by other parameters were experienced. For 
further applications, AerAOB rates can thus be boosted by increasing levels of residual 
ammonium, as was already previously done (Poot et al., 2016).  
 Add-on mechanistic modelling methodology 
Overall, the add-on mechanistic modelling enabled to disentangle and pinpoint effects of 
different wastewater parameters on the activities of AerAOB and NOB. Since not always 
sufficient data was measured in STP to run short-cut nitrogen removal process models, 
this approach can act as a quick-and-easy methodology to identify limitations. This can 
be done by using commonly measured data in STP combined with non-calibrated, kinetic 
literature data. Furthermore, by highlighting potential limitations, it can assist to prioritize 
calibration of parameters for process models, where multiple parameters need to be 
calibrated simultaneously. In this way, time can be saved for calibration and detailed 
measuring campaigns, which now consume significant amount of time, i.e. several weeks 
(Hauduc et al., 2009). 
In general, the fitted rmax20°C and θT showed, although not always, significantly 
contributions to the fits. The fitted limitation coefficients (for P, N, IC) were most of the 
time realistic (close to 0…1), however not significantly contributing. Also, compared to the 
baseline T-model, the different limitation model fits were never statistically different 
(p<0.05, anova F-test). One reason for this lack of significance or realistic fitting could be 
due to the limited amount of data; 13 sample points for Blue Plains and 8 sample points 
for Nieuwveer. Larger data sets will be able to achieve better fits and estimate coefficients 
more reliably. Another reason was that other unrecorded parameters could have 
influenced the activity of the nitrifiers. Results from the current datasets thus should be 




be accompanied with a sensitivity analysis (See Figure B.10-B.14) for the applied kinetic 
constant to understand the model fit.  
In the case of Nieuwveer, model fits pointed out that nitrogen levels could have 
influenced rAerAOB and rNOB. Furthermore, IC limitations appeared to be limiting for 
rAerAOB in Blue Plains. In both cases, the concentrations of both substrates were present 
in higher concentrations in the batch test as they were in the STP, indicating that the 
impact of historical growth conditions on rAerAOB and rNOB could be resolved with this 
add-on mechanistic model. For inorganic carbon limitation, Guisasola et al. (2007) showed 
that, when inorganic carbon was spiked at high concentrations to an enriched AerAOB 
community (after a 2-3-day IC limitation), high-activity was regained within minutes, yet 
~20% lower than initial maximum rate. Due to the short timeframe of the test (2h), IC-
limitations thus could have impacted the measured rates. For N-levels, previous studies 
on ammonium limitation showed that AerAOB have a base level of ammonium oxygenase 
(AMO) transcription to rapidly respond to sudden availability of ammonium, while having 
a higher expression of AMO after longer exposure to increased substrate concentrations 
(Geets et al., 2006; Stein & Arp, 1998). In contrast, NOB suffer much more from anoxic 
disturbances, and their activity is likely more susceptible to variations in nitrogen levels 
(Kornaros et al., 2010). Since low substrate concentrations (<2 mg N L-1) were present in 
STP and a short exposure (2-6h) to higher concentrations (4-10 mg N L-1) prevailed in the 
batch test, nitrogen levels might have slightly influenced the measured potential activities. 
To conclude, to study whether certain limitations are influencing activity, batch tests 
should be set up with STP-identical limitations on the anabolic side (e.g., T, pH, P, IC), 
and sufficient data points should be used to fit the model. In contrast, to study whether 
historical limitations influenced the potential activity, no limitations should be present in 
the batch test. 
  




Blue Plains and Nieuwveer are two similarly operated nitrifying STP in terms of nitrogen 
loading rate, total SRT and temperature profile. Nonetheless, Nieuwveer displayed a 
much higher rAerAOB/rNOB ratio (1.6 at 20°C, versus 0.6 in Blue Plains), likely facilitating 
the transition to a shortcut nitrogen removal process. A bottom-up, step-by-step approach 
enabled to unveil determining factors for this:  
1. Disproportional and dissimilar relationships between AerAOB or NOB relative 
abundances and respective activities pointed towards differences in community 
and growth/activity limiting parameters.  
2. Nitrifying communities differed mainly in AerAOB: the five most abundant 
AerAOB Nitrosomonas OTU were present in either one of the STP, whereas both 
STP shared the most abundant NOB Nitrospira OTU. 
3. Arrhenius temperature model fits showed different rmax20°C yet similar ΘT (ΘAOB = 
1.1, ΘAOB = 1.06-1.07), not discriminating the rAerAOB/rNOB activity ratio in the 
two STP.  
4. The developed add-on mechanistic model could disentangle the effect of 
temperature from different wastewater parameters (NH4+, NO2-, P, inorganic 
carbon) on AerAOB and NOB activities.  
5. Nieuwveer AerAOB and NOB activities might be limited by lack of nitrogen 
substrate due to the loading rate of the STP.  
6. Blue Plains AerAOB activity might be limited by inorganic carbon (not for N and 
P), while no limitations for NOB were found. It is hypothesized that addition of 
inorganic carbon (e.g. as CaCO3) to the process would increase the 
rAerAOB/rNOB ratio from 0.6 to >1, facilitating the transition to more energy 
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Suppressing nitrite oxidizing bacteria (NOB) in partial/nitritation anammox for mainstream 
sewage treatment would clear the path towards high nitrogen removal efficiencies, 
enabling energy-positive municipal wastewater treatment. To achieve this, a novel return-
sludge treatment for NOB-suppression has been investigated. Single and combined 
effects of sulfide (0-600 mg S L-1), anaerobic starvation (0-8d) and a free ammonia (FA) 
shock (30 mg FA-N L-1 for 1h) were tested for immediate effects and long-term recovery. 
The immediate stress response of AerAOB and NOB towards sulfide showed proportional 
inhibition, with a 6x increase in AerAOB/NOB activity ratio with 300 mg S L-1 addition. The 
observed long-term recovery did not always reflect the immediate stress response. Sulfide 
exposure (150 mg S L-1 for 1h) did not enable long-term NOB suppression (14 days). 
Combinatory effects inhibited AerAOB and NOB more strongly. A combined treatment of 
sulfide (150 mg S L-1), 2d anaerobic starvation and FA shock (30 mg FA-N L-1) resulted 
compared to sulfide addition alone in 14% AerAOB activity loss, while the AerAOB/NOB 
activity ratio remained constant. Despite no positive change was observed in the 
immediate-stress response, AerAOB recovered much faster than NOB, with a nitrite 
accumulation ratio (effluent nitrite on nitrite + nitrate) peak of 50% after 12 days. Studying 
long-term recovery may therefore be crucial for design of an optimal NOB-suppression 
treatment, while applying combined stressors regularly may lead towards an 






Operating partial nitritation/anammox on pretreated sewage is challenging, since current 
operation strategies still allow growth of nitrite oxidizing bacteria (NOB), lowering the 
nitrogen removal efficiency. Most successful attempts so far were in hybrid reactors, where 
flocs reside together with biofilms/granules in the mixed liquor. In this hybrid reactor, 
ON/OFF control strategies (promotion/suppression of desired/undesired micro-organisms) 
can be more easily combined with IN/OUT control (retention/removal of desired/undesired 
micro-organisms) (Chapter 1, Section 4). This IN/OUT control aims for a long sludge 
retention time (SRT) for the slowly growing anaerobic ammonium-oxidizing bacteria 
(AnAOB) in the biofilm, and a shorter floccular SRT to ensure aerobic ammonia-oxidizing 
bacteria (AerAOB) presence and NOB wash-out (Yang et al., 2017; Laureni et al., 2016; 
Chapter 5). In these systems, the highest N-removal efficiencies were observed when 
high or almost complete floccular NOB suppression was achieved, while enabling the 
carrier to act as a nitrite sink (Yang et al., 2017; Laureni et al., 2016; Chapter 5). 
Disturbances in reactor operation, e.g. changes in temperature, floccular SRT, etc. often 
induce floccular NOB proliferation (Laureni et al., 2016; Wells et al., 2017; Gilbert et al., 
2015; Chapter 5). When these events occur, swiftly suppressing the floccular NOB activity 
by an ON/OFF control strategy would enable to quickly restore treatment efficiency, and 
fast start-up of mainstream PN/A reactors can be facilitated. A number of stressors or 
inhibitors like free ammonia (FA), free nitrous acid (FNA), sulfide, ClO4-, formic acid or 
volatile fatty acids have been shown to favor AerAOB activity over NOB activity when 
present in high enough concentrations (Philips et al., 2002). Unfortunately, these high 
concentrations of relatively selective toxicants cannot be achieved under the conditions in 
the water line in sewage treatment plants (STP). Alternatively, NOB-selective inhibition 
can be applied in the return-sludge line (Wang et al., 2016).  
Two readily available inhibitors in the context of a STP are FA (< 50 mg FA-N L-1) and 
FNA (< 0.9 mg FNA-N L-1). While FA is present in high concentrations in the digester 
effluent, FNA can be produced in a nitritation reactor from this stream. For both 
compounds, prolonged contact of 24h, and repeated exposure to very high concentrations, 
i.e. 230 mg FA-N L-1 or 1.82 mg FNA-N L-1, proved successful NOB suppression (Wang et 
al., 2016; Wang et al., 2017). Sulfide has also been shown to pose a more toxic effect to 
NOB than to AerAOB (Beristain-Cardoso et al., 2010; Erguder et al., 2008; Kouba et al., 
2017), and can also be generated in situ due to sulfate reduction under anaerobic 
conditions. However, limited research is available on how AerAOB and NOB recover from 
sulfide exposure, as studies are limited to activity follow-up for only 1 day after inhibition 
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(Sears et al., 2004; Zhou et al., 2014). An additional strategy to outcompete NOB could 
derive from the fact that under some circumstances of short-term substrate starvation, 
AerAOB recover faster than NOB, leading to nitritation systems (Kornaros et al., 2010; 
Gilbert et al., 2014). The conditions under which faster recovery of AerAOB occurs will 
most likely depend on the perceived stress during starvation (Salem et al., 2006), i.e. time, 
pH, sulfide production and speciation, volatile fatty acid (VFA) production (Eilersen et al., 
1994), the microbial community (Bollman et al., 2002), ...  
An optimal NOB-inhibiting return-sludge treatment could exploit the combinatory (or 
synergistic) inhibitory impacts of these toxicants or phenomena. Tora et al. (2010) reported 
that the FA and FNA toxicity increased when AerAOB were starved for inorganic carbon. 
Combined effects of FA with other inhibitors or stressors are however unknown, but might 
lead to more efficient NOB suppression. Therefore, this study investigated the individual 
and combined effects of sulfide exposure, anaerobic starvation times, and a subsequent 
FA shock on the AerAOB and NOB activities of a municipal activated sludge. Immediate 
stress effects were evaluated in batch tests, while long-term recovery was evaluated when 





2 Material and methods 
2.1 Sludge origin 
Nitrifying activated sludge originated from two different STP: Ossemeersen (Ghent, 
Belgium) and Nieuwveer (Breda, The Netherlands). Ossemeersen STP is a conventional 
activated sludge system (CAS) and treats the wastewater of 207,000 inhabitants 
equivalent (IE). Nieuwveer STP is a 2-stage STP, with in the first stage a high-rate 
activated sludge system, redirecting incoming organic carbon to a digester, and in a 
second stage a low-rate activated sludge system for nitrogen and residual carbon removal. 
The plant treats the wastewater of about 300,000 IE. The behavior of the Ossemeersen 
STP sludge after starvation was compared with sludge originating from the second stage 
of Nieuwveer STP (Breda, The Netherlands) to understand potential different effects of 
starvation on nitrifying sludge. Ossemeersen sludge was then further used in all other tests 
to test different hypotheses.  
2.2 Test layout 
Figure 4.1 shows the experimental procedure for a test including all the (pre-)treatment 
steps.  These steps were sludge collection, sludge pretreatment, sulfide addition, 
anaerobic starvation and FA shock, ended with a short- and/or long-term recovery test. 
Depending on the research question, one or several steps from the protocol were omitted.  
 Sludge collection and washing 
Time in between sludge collection and sludge pretreatment differed for the two STP. For 
Ossemeersen this was 0.5 h, while for Nieuwveer, this was 2h. 
To achieve comparable nitrifier starvation conditions, artificial sulfate-free tap water was 
used to prevent sulfate reduction (=sulfide formation) during the anaerobic starvation 
period. Therefore, the sludge was centrifuged (Sorvall RC6 plus, 5 min. at 14,534 g) and 
washed twice in synthetic medium resembling tap water (pH 7.2, conductivity = 455 µS 
cm-1, alkalinity = 143 mg HCO3- L-1) and contained 0.0314 g MgCl2, 0.1280 g CaCl2 and 
0.2368 g NaHCO3 dissolved in 1L of demineralized water. Simultaneously, the biomass 
was thickened to a concentration of 7 - 8 g VSS L-1. The only exceptions for switch in 
medium composition were the comparative starvation test with Nieuwveer and 
Ossemeersen STP sludge, and Ossemeersen long-term recovery tests in the sewage 
matrix (Table C.1). In these tests, the sludge was resuspended in effluent from the STP. 
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After sludge washing, the tests were run in a Schott bottles, sealed with rubber septa. The 
headspace was flushed with N2 gas for 5 min to accelerate the exposure to anaerobic 
conditions.  
 
Figure 4.1 Schematic timeline of the applied sludge treatments. Dotted arrows indicate that the 
treatment/test was optionally executed, depending on the research question. Transport took 0.5h 
for Ossemeersen, ~2h for Nieuwveer. Sludge washing included centrifugation to concentrate the 
sludge to ~7-10 g VSS L-1, and an optional matrix switch to sulfate-free tap water whenever sulfide 
was added in the test. For the free ammonia (FA) shock, 30 mg FA-N L-1 was applied for 1h. MBR: 
Membrane bioreactor.  
 Sulfide dosage 
If sulfide was added, it was as sodium sulfide flakes (solid, Na2S.xH2O), followed by 
correcting the pH to 7.2 with HCl (0.5 M). Both procedures were executed anaerobically in 
an airtight Schott bottle to prevent sulfide losses. The sulfide addition was performed by 
prefilling a syringe with the flakes and dissolving them by repeatedly sucking up thickened 
sludge with a needle and injecting it again. The pH correction was done by injecting an 
experimentally predetermined volume of acid. For the comparative starvation test, no 
sulfide was added. For the other tests, different sulfide concentrations were added: 0, 10, 
150, 300 and 600 mg S L-1. During the following starvation period, daily samples were 
collected to determine the total sulfur concentration and its speciation in the liquid phase 
(sulfide, sulfite, sulfate and thiosulfate). Also, in the headspace, gaseous sulfide 
concentrations were measured. 
 Anaerobic starvation 
After an optional sulfide addition, the sludge was anaerobically incubated for 0 or 2 days 
under constant stirring at a temperature of 15°C. Starvation for the comparative starvation 
test was at 28°C for 0-8 days without mixing, except for the homogenization for daily 




were also monitored daily during starvation, namely phosphate, ammonium, nitrite, nitrate, 
pH, biomass concentration (g VSS L-1) and volatile fatty acids (VFA) in the slurrry phase, 
along with methane and oxygen concentrations in the headspace. For calculations on the 
VFA and gas composition in the headspace, see Chapter 2.6 Calculations.  
 Free ammonia shock 
An optional free-ammonia (FA) shock of about 30 mg FA-N L-1 was added by raising the 
pH to 8.1 with NaOH (0.5M) and adding 428 mg NH4+-N L-1 as NH4Cl at a temperature of 
25-27°C. After exactly 1 hour, the FA-shock was terminated by transferring and dilution of 
the sludge to the batch tests or MBR setup medium. During the FA shock, the FA 
concentration was measured every 20 minutes by monitoring the pH (was also adjusted), 
temperature and ammonium concentration. Sludge that was not exposed to the FA shock 
was stirred in the same volume for the same time, to ensure that aerobic sulfide losses 
due to stripping were similar for both treatments. 
2.3 Immediate effect batch activity tests 
The immediate effect of the treatment was determined by 1-day batch activity tests. The 
setup consisted of 4 identical 1 L Schott bottles, each initially filled with 0.5 L diluted sludge, 
allowing to test 2 different conditions in duplicate. Prior to each run, the activity of non-
treated sludge was determined and served as a control. The treated sludge was diluted to 
a biomass concentration of ±0.25 g VSS L-1 with STP effluent with additional 0.5 g NaHCO3 
L-1, to mimic its sewage matrix. A pH-control unit (Consort R3610) controlled the pH 
between 7.20 and 7.40 by adding 0.02 M HCl or NaOH. Ammonium and nitrite were 
supplemented at the beginning of the test, from NH4Cl and NaNO2 concentrated solutions, 
targeting an initial concentration of 50 and 25 mg N L-1 respectively. The activity tests were 
performed in a 28°C controlled room and the sludge was constantly mixed by a magnetic 
stirrer. The dissolved oxygen (DO) concentration was kept at 6±2 mg O2 L-1 by regulating 
the airflow (0-3 L min-1) from an aeration pump to an aeration stone. Eight samples were 
taken during the activity test, spread over 24 hours, to measure the ammonium, nitrite and 
nitrate concentration. At the end of the test, biomass concentration was determined to 
calculate sludge specific AerAOB and NOB activity rates (mg N g VSS-1 d-1). Aside from 
N-measurements, total volume, pH, DO and T of each batch reactor were monitored. 
 AerAOB and NOB immediate effect calculations 
The calculated rates from the batch test were corrected for volume change, temperature 
fluctuations and NH3 stripping. Because of the required pH corrections, the volume 
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increased, and was corrected for by recalculating the concentrations to a constant volume 
of 0.5 L. Water temperature fluctuated between tests with maximum 2°C, and was 
corrected with Arrhenius equation (θAOB = 1.1, θNOB = 1.06, Tref = 28°C). A low amount of 
NH3 stripping (~5-10%) occurred due to aeration and higher temperatures of the batch test 
(28°C). It was corrected for by subtracting the slope of decline of total nitrogen over time 
from the volumetric AerAOB activity. After these corrections, the sludge-specific activity 
was calculated by accounting for the measured biomass concentration.  
2.4 Long-term membrane bioreactor tests 
Long-term recovery was studied for certain treatments over a period of 14 days in a 
membrane bioreactor at 15°C (See Table 4.2). Most of the used sludge was identical to 
that used in the batch activity tests, except for the 2 day-starvation in the sewage matrix 
and the 2 day-starvation after a sulfide dose of 150 mg S L-1. In total, 2 MBR were built 
and used to test 2 different treatment conditions in parallel, i.e. one with and one without 
FA shock. Just as for the batch activity tests the treated sludge was diluted with STP 
effluent, but with a slightly stronger buffer of 1 g NaHCO3 L-1 and initial biomass 
concentration of ~0.40 g VSS L-1. The MBR cycled over three phases: a feeding phase 
(90 min), a reaction phase (20 min) and an effluent withdrawal phase (34 min), which were 
repeated ten times a day. The MBR was continuously mixed and aerated with an overhead 
mixer and aeration stone, respectively. The reactor volume increased from 2.25 L to 3 L 
during the feeding phase. The feed consisted of STP effluent buffered with 1 g NaHCO3 
L-1 and 40 mg NH4+-N L-1, resulting in a total loading rate of 100 mg N L-1 d-1. Effluent was 
collected by a membrane pump connected to capillary hollow-fiber membranes (organic, 
ultrafiltration). pH was not controlled but remained stable between 7.5 and 8.1 for all tests. 
DO concentration was controlled at 2 mg O2 L-1 by a Hach Lange LDO sc probe and SC100 
controller, and a manual flow regulator (0.1-0.5 L min-1) to avoid large setpoint overshoots 
(Hach Lange, US). The aerobic sludge retention time (AerSRT) was kept at 10 days by 
daily wasting 10% of the sludge. Daily samples of both the influent and reactors were taken 
to measure the ammonium, nitrite and nitrate concentration. The biomass concentration 
was determined biweekly. 
 AerAOB and NOB long-term recovery calculations 
The AerAOB and NOB activity during the MBR-run were calculated based on the daily 
measured ammonium and nitrate concentrations in the reactor and the influent, accounting 
for the measured influent flow rate. Steady-state conditions were assumed for these 




Daily biomass concentrations were calculated using linear regression on the biweekly 
measurements. The nitrite accumulation ratio (NAR) was calculated as the ratio of nitrite 
in the effluent on total effluent nitrite + nitrate. The NAR was integrated (= integrated NAR) 
over time to compare the amount of nitrite accumulated for the different treatments. 
2.5 Physicochemical analyses 
TSS and VSS were performed according to Standard Methods 2540D and E (Greenberg, 
1995). pH, DO and EC were read out by respectively a Consort C5010 (Consort, BE), 
Hach LDO HQ30d (Hach Lange, US) and Consort C6010 sensor (Consort, BE). 
Temperature was measured using a non-mercury thermometer. For analysis of soluble 
components, the samples were immediately filtered over a 0.45 µm filter and stored at 4°C 
prior to analysis. Ammonium was determined via the Nessler method (Greenberg, 1995). 
Nitrite, nitrate, sulfate and phosphate concentrations were measured using a 761 Compact 
Ion Chromatograph (Metrohm, Switzerland) equipped with a conductivity detector. Sulfide, 
sulphite and thiosulfate concentrations were determined by a 930 Compact IC Flex 
(Metrohm, Switzerland) equipped with a Metrosep A Supp 15-150/4.0 column and UV/VIS 
detector. The samples were first buffered with a sulfide anti-oxidizing buffer to prevent 
sulfide losses in the sample during storage, according to Keller-Lehmann et al. (2006). C2-
C8 fatty acids analysis was performed according to Andersen et al. (2014). The gas phase 
composition was analyzed with a Compact GC (Global Analyser Solutions, Breda, The 
Netherlands), equipped with a Molsieve 5A pre-column and Porabond column (CH4 and 
O2) and a Rt-Q-bond pre-column and column (H2S). Concentrations of gases were 
determined by means of a thermal conductivity detector. The pressure of the headspace 
was measured by a handheld tensiometer (UMS Infield 7, UMS, DE) and the temperature 
was assumed to be equal to the room temperature, dependent on the measurement 
moment. For the determination of the total iron concentration, the samples were first 
destructed per WAC/III/B/001 and analyzed per WAC/III/B/010 (Belgisch Staatsblad, 
2016).   




 Volatile fatty acids 
The protonated VFA concentration [HA] was calculated from the measured C2-C8 fatty 
acids concentrations [T] (eq. 4.1), since it is assumed that this was their toxic form 
(Eilersen et al., 1994). The pKa values in Table 4.1 were used for calculation. C6-C8 fatty 





∗         eq. 4.1 
 Gas composition headspace 
The measured gas phase composition, determined as volumetric fractions (fx), was 
converted to aqueous concentrations [X]aq based on Henry’s law (eq. 4.2) together with 
the measured pressure (P) and molecular weight (MW(X)). Table 4.1 contains the used 
Henry coefficients (KH,cp).  
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Table 4.1 Summary of coefficients used for the calculations.  
Component pKa KH,cp 
  (M atm-1) 
Acetic acid 4.76  
Propionic acid 4.88  
n-Butyric acid 4.82  
iso-Butyric acid 4.86  
n-Valeric acid 4.82  
iso-valeric acid 4.77  
O2  0.0013 
CH4  0.0014 
H2S  0.1 
 Estimated bioreactive sulfide dose 
Since after addition of sulfide not all the added sulfide was detected, a mass balance was 
constructed to estimate the bioreactive sulfide dose (Stox). This resembled the amount of 
sulfide that might have reacted with the micro-organisms (mg S g VSS-1). After addition of 
initial sulfide (Sinit), the total detected sulfur concentration (Sdetect) consisted of the 
measured sulfur speciation in the aqueous (sulphite, sulfide, sulfate, thiosulfate) and 
gaseous phase (sulfide). The remaining, undetected fraction of the added sulfide was thus 




(Stox). To compensate for precipitation with metals, a correction for phosphate release was 
used. Previous research showed that phosphate released in activated sludge after sulfide 
addition gave a good approximation for the presence of Fe crystals like Fe3(PO4)2 (Wilfert 
et al., 2016). Therefore, a mole ratio of 1.5:1 P:S was applied to account for precipitated 
sulfur in metallic -phosphate precipitates. This led to following formula to calculate the 
bioreactive sulfide dose: Stox = Sinit - Sdetect - Sprec. Finally, the inhibitory doses were 
expressed as g S g VSS-1, because sulfide likely reacted with the biomass, and 
(ir)reversible binding caused the inhibition. 
2.7 Microbial community analysis 
Samples for molecular tests were taken, pelletized and stored at -80°C. The DNA 
extraction was executed according to Vilchez-Vargas et al. (2013). The quality of the DNA 
extracts was validated by means of 2% (w/v) agarose gel electrophoresis and via PCR. 
The quality of the PCR product was determined with agarose gel electrophoresis to ensure 
that no inhibition of the PCR took place. 
High-throughput amplicon sequencing of the V3 – V4 hypervariable region (Klindworth 
et al., 2013) was performed with the Illumina MiSeq platform, according to the 
manufacturer’s guidelines at LGC Genomics (GmbH, Berlin, Germany). Analysis of the 
amplicon data was performed with the software package MOTHUR (v.1.33.3) (Schloss et 
al., 2009). Contigs were generated by merging the forward and reverse reads and they 
were further aligned to the SILVA v123 database. Sequences that did not correspond to 
the V3-V4 region as well as sequences with ambiguous bases or more than 12 
homopolymers were removed. The aligned sequences were filtered and dereplicated. 
UCHIME was used to removed chimeras (Edgar et al., 2011) and the sequences were 
clustered in OTU’s with 97% similarity with the cluster.split command (average neighbour 
algorithm). OTU’s were subsequently classified using the MIDAS database. OTU’s with no 
more than one read in every sample (singletons) were removed (McMurdie et al., 2014). 




3.1 Immediate effect of a single parameter 
The effect of anaerobic starvation on AerAOB and NOB activity was assessed by starving 
two types of sludge from two different STP; Ossemeersen and Nieuwveer, in their own 
effluent matrix (See Figure 4.2). The nitrifying activity in Ossemeersen sludge was not 
affected after an 8-day starvation period. The AerAOB activity decreased by 6% and the 
impact was milder on NOB activity, resulting in a 17% decrease in the relative 
AerAOB/NOB activity ratio (rAerAOB/rNOB). In contrast, a 2-day starvation period had a 
strong effect on the NOB activity in the sludge from Nieuwveer, with a 27% activity loss. 
The milder effect on the AerAOB activity resulted in a 24% increase in the ratio 
rAerAOB/rNOB. Yet, after eight starvation days, AerAOB activity decreased strongly (-
80%), with only a minor effect on the relative rAerAOB/rNOB (-10%), indicating that NOB 
also considerably lost activity. Sulfide accumulated in the headspace of tests with sludge 
and effluent from Nieuwveer, whereas it was not detected in tests with liquor from 
Ossemeersen. This is consistent with the different final pH values, 6.35 and 6.83 for 
Nieuwveer and Ossemeersen, respectively. Additionally, the VSS content in the sludge 
from Nieuwveer was with 4.3-4.5 g VSS L-1 lower than the 6.9-7.86 g VSS L-1 in 
Ossemeersen. 
 
Figure 4.2 The effect of anaerobic starvation at 28°C and a free ammonia (FA) shock (30 mg N L-
1 for 1h) on AerAOB and NOB activity for two different sewage treatment plants (STPs); 
Ossemeersen, BE and Nieuwveer, NL. Thin arrows on the graph indicate the impact of the 
treatment or time. Measured wastewater parameters during starvation are shown in Table C.2.  
To understand the isolated effect of sulfide exposure, the sludge from Ossemeersen was 




S L-1 for 1h prior to measuring activity (Figure 4.3, Panel A). Sulfide addition had a 
proportional inhibition effect, with an AerAOB activity loss of -22% at 150 mg S L-1, -55% 
at 300 mg S L-1, and even -100% at 600 mg S L-1. The addition had also a positive effect 
on the rAerAOB/rNOB, which increased to ~6 at 300 mg S L-1. AerAOB can thus initially 
recover faster than NOB after sulfide exposure. 
 
Figure 4.3 Describing immediate effect of single and combined effects of sulfide addition, 
anaerobic starvation and FA shock on the AerAOB and NOB activity of Ossemeersen STP. In each 
panel except for Panel A, the additional effect of a stressor is compared. The information of Panel 
A is repeated in Panel B and C. While the information of Panel B is repeated in Panel D. Thin arrows 
in the graph indicate the impact of treatment. Starvation was executed at 15°C, and conditions 
during starvation are summarized in Table C.1. The FA shock was 30 ppm FA-N L-1 for 1h. Unless 
starvation occurred, ~1h of anaerobic sulfide exposure was present before activity was measured. 
FA: Free Ammonia 
The effect of a FA shock of 30 mg FA-N L-1 for 1h had no additional effect for both types 
of sludge at day 0 (Figure 4.2, Panel A and B, at day 0). Only a slight 7-8% loss in 
AerAOB activity and very minor, not significant increase of the relative rAerAOB/rNOB (to 
1.10±0.09 - 1.14±0.1) was detected.  
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3.2 Immediate effect of combined parameters 
Starvation did not enhance susceptibility towards FA in the case of Ossemeersen STP 
(Figure 4.2, Panel A). For Nieuwveer, prolonged starvation increased susceptibility for FA 
(Figure 4.2, Panel B). For example, after 2 starvation days + FA, AerAOB activity dropped 
further with -22%, and the relative AerAOB/NOB activity ratio decreased with -5% 
compared to starved sludge. Similar, yet more pronounced results were obtained for eight 
starvation days. This pointed out that the different starvation conditions, i.e. sulfide and/or 
pH, not only had a profound effect on the loss of activity of AerAOB and NOB, but could 
also influence susceptibility for FA inhibition. 
To test this hypothesis, AerAOB and NOB were exposed for 1h to a combination of 
sulfide (150 and 300 mg S L-1) and 30 mg FA-N L-1 (See Figure 4.3, Panel C). AerAOB 
activity was more severely inhibited by 150 mg S L-1 and FA shock than sulfide alone. The 
activity dropped with 30% compared to the sole sulfide addition, with a more severe activity 
loss, -45%, when 300 mg S L-1 was added. Interestingly (See Figure 4.4), AerAOB had a 
longer lag phase of ~10h before they recovered fully, indicating that sulfide + FA is stronger 
toxicant than sulfide alone. Nitrite still accumulated, yet at a lower rate, 44 vs. 76 mg N g 
VSS-1 d-1, than when only 300 mg S L-1 was added. NOB’s initial recovery is thus less 
sensitive for the combined sulfide + FA effect, which is also reflected in the decrease in 
relative rAerAOB/rNOB from 5.8 to 2.11. 
The combined effect of starvation and sulfide was studied by exposing the sludge for 
two days to different sulfide concentrations (Figure 4.3, Panel B, Table C.1 summarizes 
starvation conditions). Prolonged exposure at higher sulfide concentrations of 150 and 
300 mg S L-1 severely inhibited AerAOB with -15% and -87% lower activity when compared 
to 1h sulfide exposure. This was not the case for 10 mg S L-1, where AerAOB showed 13% 
higher activity. NOB were less affected by the prolonged exposure at higher S 
concentrations (> 150 mg S L-1), decreasing the relative rAerAOB/rNOB, which is 
comparable to the combined effect of sulfide and FA. A similar pattern was seen when 
starvation, sulfide and FA were combined. With either no effect at 150 mg S L-1 or a 33% 
decrease in AerAOB activity and 48% decrease in relative rAerAOB/rNOB at 300 mg S L-
1, compared to the treatment with sulfide and starvation. The combined effect of starvation, 
sulfide and FA caused thus a very high initial inhibition, including lag phases of AerAOB, 





Figure 4.4 Nitrite accumulation profiles, representing the immediate effect on AerAOB and NOB 
of 300 mg S L-1 addition (1h contact time), with and without FA shock (30 mg FA-N L-1 for 1h).  
3.3 Long-term recovery of a single parameter 
The long-term recovery of one single parameter was evaluated over 14 days in parallel to 
the immediate effects assessed in the batch tests. Table 4.2 summarizes the key nitrite 
accumulation profile parameters (Supplemental C.3-C.5 depicts the obtained profiles). 
The control treatment, when no sulfide, starvation, or FA shock was applied showed an 
anticlinal profile (∩), with a maximum NAR-ratio from 0.19 to 0.32 after 3 days. The effect 
of an additional FA shock on the sludge did not enhance nitrite accumulation, with an 
almost identical integrated NAR of 2.98 compared to 3.01 for the control treatment. This 
agrees with the batch tests, were an FA shock did not enhance the relative rAerAOB/rNOB. 
Exposure to 150 mg S L-1 for 1h (no starvation) resulted in a different profile, with a 
maximum NAR of 0.2 at the starting point, which declined over the following 16 days 
(Figure 4.5). The recovery of AerAOB after sulfide inhibition was thus not faster than NOB, 
and the initial faster AerAOB recovery observed in the batch tests was not amplified on 
the long-term. 
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Table 4.2 Long-term effects of different stress factors on the nitrite accumulation ratio and AerAOB/NOB activity ratio at its maximum peak. tmax = day when 
the maximum NAR was measured. Starvation occurred at 15°C, FA shock was 30 mg FA-N L-1 over 1h. Recovery profiles with specific sludge activities are 
depicted in Figure C.3-5. Trends highlighted in bold represent the different long-term profiles plotted in Figure 4.5. t0 = day 1 of the experiment. tend = last day 
of the experiment. FA: Free ammonia. NAR: nitrite accumulation ratio. 

















mg S L-1 days   - day - NAR*t - - 
0 0 No 
 
0.32 3 0.13 3.01 1.7 9.8 
  Yes 
 
0.32 3 0.09 2.98 1.7 8.8 
10 2 No 
 
0.20 0 0 1.39 1.7 7.7 
  Yes 
 
0.18 0 0 1.46 1.7 7.4 
150 0 No 
 
0.17 0 0 1.17 1.4 10.1 
  Yes 
 
0.19 0 0 1.55 1.5 11.4 
150 2 No 
 
0.20 5 0.14 1.66 1.5 7.2 
  Yes 
 
0.47 12 0.34 5.59 2.3 10.0 
Sewage matrix 2 No 
 
0.24 6 0.17 1.78 1.3 8.2 
  Yes 
 




3.4 Long-term recovery of combined parameters 
The combination of starvation (2d) and sulfide exposure enhanced the NAR in the long term. 
A two-day starvation while exposed to 150 mg S L-1 resulted in an anticlinal profile, in which 
the NAR peaked after 5 days (Figure 4.5, empty circles). AerAOB recovered faster than 
NOB, with a maximum NAR of 0.2 after 5 days, leading to a higher integrated NAR of 1.66 vs. 
1.17 when no starvation took place (Table 4.2). The results from the initial recovery batch 
tests and long-term experiments are in this case contradicting. Initial recovery from the batch 
test decreased the relative rAerAOB/rNOB, while long-term recovery showed that longer 
exposure to sulfide inhibition is more toxic to NOB than AerAOB. This effect was further 
enhanced when an additional FA shock (Figure 4.5, filled circles) was applied after 2d of 
exposure. AerAOB recovered much faster than NOB. The NAR peak was 0.47 after 12 days 
of starvation, and compared to the treatment without FA shock, about 3.3 times as much nitrite 
was accumulated. In this case again, the initial recovery from the batch test could not predict 
the outcome of the long-term recovery. 
 
Figure 4.5 Long-term recovery of AerAOB and NOB in Ossemeersen STP after exposure to 150 mg S 
L-1 in combination with other stressors. The NAR profile was measured in a membrane bioreactor under 
previously mentioned operational conditions Starvation was executed at 15°C under stirring conditions. 
FA shock was 30 ppm FA-N L-1 for 1h. Unless starvation occurred, long-term effects were measured 
after ~1h of sulfide exposure.   
Although the perceived stress was beneficial for the rAerAOB/rNOB, it reduced the maximum 
AerAOB growth rates (Figure C.5, bottom right). Both AerAOB and NOB showed a lag-phase 
of about 10 days with a steady sludge-specific activity ratio of 72±9 mg NH4+-N g VSS-1 d-1 and 
34±5mg NO2--N g VSS-1 d-1 respectively. Afterwards, an exponential growth rate was 
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observed. The final achieved specific AerAOB activities were therefore ~50% lower compared 
to the treatment without FA shock. 
3.5 Community analysis 
Community analysis (Figure C.6) revealed a nitrifying community in Ossemeersen STP 
containing the genus Nitrosomonas (9 OTUs), Nitrospira (1 OTU) and Ca. Nitrotoga (3 OTUs). 
Ca. Nitrotoga increased in relative abundance over time, when sewage temperatures 
decreased from 14.8 to 11.3 °C, yet Nitrospira had the highest relative abundance on all 
sampling dates. In Nieuwveer STP, no Ca. Nitrotoga was detected (T= 16.3 °C), and only 
Nitrospira (1 OTU) and Nitrosomonas (4 OTUs) were present. 
For three long-term recovery experiments (10 mg S L-1 + 2d starvation, 150 mg S L-1 + 2d 
starvation with/without FA shock), the nitrifying community was monitored (See Figure 4.6).  
 
Figure 4.6 Relative abundances of the nitrifying community in three long-term recovery experiments, 
starting from Ossenmeersen STP sludge with different stress conditions: sulfide addition (10 or 150 mg 
S L-1), 2d anaerobic starvation, and free-ammonia (FA) shock (30 mg FA-N L-1 for 1h). Relative 
abundances are lumped for Nitrospira (1 OTU), Ca. Nitrotoga (3 OTUs), Nitrosomonas (9 OTUs).   
The reactor conditions in all cases enriched the NOB Ca. Nitrotoga instead of NOB Nitrospira, 








the absence of oxygen and nitrite limitations (> 2 mg O2 L-, >1.67 mg NO2--N L-1) and lower 
temperatures of 15°C. The combined stress parameters 150 mg S L-1 + 2d starvation 
with/without FA shock, which shared the same inoculum, were compared. In contrast to 150 
mg S L-1 and 2d starvation, the extra FA shock inhibited Ca. Nitrotoga as well, resulting in a 
slower enrichment of Ca. Nitrotoga in this reactor, with Nitrospira being the most dominant 
NOB after 14 days. 
Plotting the AerAOB and NOB sludge-specific activity in function of the relative abundance of 
summed AerAOB or NOB OTUs in Figure 4.7, could point out whether the observed rates are 
solely due to growth, or a combined effect of recovery (e.g. cell repair), wash-out of dead 
biomass, community shifts (and shifts in kinetics) or other unknown effects. For AerAOB, with 
the treatment of 10 and 150 mg S L-1 + 2d anaerobic starvation without FA shock, the ratio of 
increase in AerAOB sludge-specific activity over increase in relative abundance in week 1 was 
1.4-3.42. This is higher than the ratio of 0.25-0.51 in week 2. For NOB, this difference was not 
apparent, indicating that AerAOB and NOB community reacted differently towards the applied 
stress conditions. 
 
Figure 4.7 Relative abundance of A.) the AerAOB (Nitrosomonas), and B.) NOB (Nitrospira + 
Nitrotoga) community plotted versus the measured sludge-specific activity in the reactor. Relative 
abundances are lumped for Nitrospira (1 OTU), Nitrotoga (3 OTUs), Nitrosomonas (9 OTUs). Three 
long-term recovery experiments were executed, starting from Ossenmeersen STP sludge with different 
stress conditions prior to recovery: sulfide addition (10 or 150 mg S L-1), 2d anaerobic starvation at 
15°C, and a free ammonia shock (30 mg FA-N L-1 for 1h). Both ammonium and nitrite (>1 mg N L-1) 
were not limiting in these experiments. Connected lines indicate the direction of time. FA: free ammonia. 
  




4.1 Sulfide inhibition 
Sulfide inhibition played an essential role in the observed AerAOB and NOB inhibition, being 
the factor that had the most inhibitory effect, and the one that increased susceptibility for FA. 
Although most literature reported the impact of sulfide on AerAOB, only a few studies 
differentiated for AerAOB and NOB (Beristain-Cardoso et al., 2010; Kouba et al., 2017; 
Delgado Vela et al., 2017; Erguder et al., 2008). In agreement with those studies, NOB were 
more sensitive for direct sulfide inhibition than AerAOB. These immediate effects were not 
amplified on the long term. This is in accordance with Erguder et al. (2008), who reported that 
after 2 days contact time with 45 mg S L-1, the NAR ratio (no anticlinal-profile) declined from 
max. 0.75 to 0 in 10 days. 
A wide range of sulfide inhibitory concentrations are reported for AerAOB, ranging for 50% 
inhibition from 5.64 to 200 mg S L-1 (Beristain-Cardoso et al., 2010; Kouba et al., 2017; 
Delgado Vela et al., 2017; Erguder et al., 2008; Sears et al., 2004; Zhou et al., 2014). This 
large difference in sensitivity can be due to the complex nature of sulfide chemistry. Depending 
on the conditions during sulfide addition, i.e. pH, or the oxidative conditions, the sulfur 
speciation (sulfide, sulphite, sulfate, …), toxicity will change. Furthermore, sulfide is a very 
reactive compound, and directly reacts away unless excess of sulfide is provided, which was 
also observed in our tests (Figure C.7). Depending on the biomass concentration or matrix 
composition, e.g. metal precipitates from iron dosing for phosphate removal (Wilfert et al., 
2016), sulfide inhibition levels will differ from test to test. To account for these effects, the 
bioreactive sulfide dose that reacted per g of biomass was calculated (M&M calculations, 
Table C.8 for results) and plotted in Figure 4.8. AerAOB and NOB sulfide inhibition linearly 
correlated with the amount in mg of bioreactive S per g VSS, with AerAOB having a lower 
slope than NOB. Inhibitory concentrations for 50% inhibition were calculated as 20.6 mg S g 
VSS-1 and 15.8 mg S g VSS-1 for AerAOB and NOB respectively. These results indicated that 
necessary sulfide doses might differ from sludge to sludge, and that expressing sulfide 
inhibition in bioreactive mg S g VSS-1 appeared to be more correct than in mg S L-1, which is 





Figure 4.8 Immediate effect of sulfide doses in mg bioreactive S g VSS-1 on AerAOB and NOB. Dashed 
black lines indicate 50 and 100% inhibition lines. The measurement at 0 mg S g VSS-1 was a negative 
calculated value of bioreactive sulfide when 10 mg S L-1 was added, possibly due to an erroneous 
measurement. 
4.2 Combinatory or synergistic effects 
Combined or synergistic effects appeared to be necessary to obtain an effective long-lasting 
NOB inhibition, as the effect of the stressors alone were not sufficient. The best results were 
obtained with a triple synergy of 150 mg S L-1 (= 13.5 mg S g VSS-1), 2 days of anaerobic 
starvation, and a FA shock of 30 mg FA-N L-1 for 1h. Literature also indirectly hinted that the 
combination of FA and sulfide is more toxic to nitrifiers. Bejarano Ortiz et al. (2012) reported 
a very low 50% inhibitory concentration of 1.2 mg S L-1 (= 3.75 mg S gVSS-1) for AerAOB.  In 
their batch activity tests, max. 33 mg FA-N L-1 was unintentionally present because the pH 
was not corrected after Na2S addition (pH 8.8, 30°C, max. 100 mg NH+4-N L-1). Similarly, 
Erguder et al. (2008) obtained a NAR value of 0.95 for more than 30 days after repeated 
exposure with increasing sulfide doses (2d anaerobic contact time of 1.3 up to 80 mg sulfide-
S L-1) when pH was not corrected (max. pH 9.98), resulting in higher FA concentrations (max. 
47 mg FA-N L-1). In contrast, the NAR value dropped within 10 days to 0 when pH was 
corrected and sulfide was the only major inhibitory compound. Confirming our results, AerAOB 
thus recovered faster from the combined (synergistic) stress conditions than NOB, enabling 
long-term NOB suppression.  
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The effect of a longer anaerobic sulfide contact time on AerAOB inhibition was previously 
studied by Zhou et al. (2014). An increased anaerobic contact time from 1h to 4h with 10 mg 
S L-1 increased inhibition from 50% to 91%. Longer exposure to sulfide thus changes the toxic 
effect -or chemistry of the sulfide inhibition, hypothetically leading to more irreversible 
inhibition. In contrast, Salem et al. (2006) reported no increased inhibition after a 3-day 
starvation with 50-60 mg S L-1 at 20°C and pH 7.5, compared to a control without sulfide 
inhibition. Yet, the above mentioned complex nature of sulfide chemistry could have led to the 
contradicting results. Overall, further optimization of sludge-dependent sulfide doses, contact 
times and FA-concentrations could guide us towards an optimally designed return-sludge 
NOB suppression treatment. 
4.3 Factors influencing recovery 
The immediate effect on AerAOB and NOB after anaerobic starvation and their response to 
an FA shock was dissimilar for the two different STP, with starvation time, sulfide, pH or other 
unknown factors potentially influencing recovery. Nieuwveer sludge was after 2 and 8 days of 
starvation more susceptible to FA shocks than Ossemeersen sludge. This response was 
similar to that when sulfide inhibited sludge was exposed to a FA shock, indicating that sulfide 
inhibition was most likely the culprit during Nieuwveer starvation. Volatile fatty acids were most 
likely not influencing inhibition, since their concentrations were well below reported inhibition 
values (Figure C.9) (Eilersen et al., 1994). One surprising result was measured for the long-
term recovery experiment, where Ossemeersen sludge was anaerobically starved in its 
effluent matrix for 2 days. The FA shock in this case elevated nitrite accumulation, with an 
integrated NAR twice as high as without FA shock (Table 4.2). NOB recovered with the same 
speed as the control, yet AerAOB were recovering faster. From the few samples taken during 
anaerobic starvation (See Table C.1), it was unclear which parameters could have influenced 
this outcome. Salem et al., (2006) pointed out that different starvation conditions influenced 
the decay rate of AerAOB and NOB, and further research is thus necessary to elucidate what 
parameters can steer faster recovery of AerAOB over NOB. 
4.4 Long-term repeated exposure and microbial adaptation 
The observed long-term recovery did not always reflect the immediate stress response. For 
design of a return-sludge NOB-suppression treatment, short-term batch tests are thus not 
sufficient, and long-term recovery must be studied. Furthermore, repeated exposure should 
be assessed to understand potential effects of adaptation (both AerAOB and NOB). From the 




while for NOB this was proportional. Since no large shifts in AerAOB community were detected 
that could influence the measured kinetics, it is possible that AerAOB where recovering 
reversibly from the sulfide inhibition, while NOB were not. 
Recurrent exposure to the combined stress factors might select for more resilient AerAOB 
or NOB. Previous reports have shown niche differentiation of some AerAOB due to different 
abilities to recover after ammonium starvation (Bollman et al., 2002). In the case of NOB, Ca. 
Nitrotoga recovered and grew faster than Nitrospira after a treatment of 150 mg S L-1 + 2d 
anaerobic starvation. The Ca. Nitrotoga/Nitrospira abundance ratio increased from 0.04 to 
4.63 in the first week. Although reactor operation might have selected for Ca. Nitrotoga over 
Nitrospira, this strong increase hinted to a better sulfide resistance of Ca. Nitrotoga. The extra 
FA shock appeared to be inhibitory for both Ca. Nitrotoga and Nitrospira, indicating that the 
right cocktail of stress conditions could potentially inhibit both NOB genera.  
To obtain a stable, well-performing process, the necessary contact frequency must be 
identified. Piculell et al. (2016) reported for a 1-day exposure to varying FA/FNA 
concentrations, a stable NAR (0.75-0.85) for 10 to 30 days, depending on the stress perceived 
during the switch from sidestream to mainstream conditions. Wang et al. (2016 and 2017) 
used very high FA/FNA concentrations (1.82 mg FNA-N L-1 and 230 mg FA-N L-1), and 
reported a NAR of 0.8-0.9 with contact frequencies of 1 time in 3-5 days. From our 
experiments, the minimum contact frequency would be about 1 time in 12 days, since NAR 
peaked at this value, yet might be shorter to achieve full NOB suppression. The applied FA 
shock (30 mg FA-N L-1 for 1h) with a frequency of 1 time in 12 days would require around 60-
100% of the produced filtrate from anaerobic digestion (numbers STP Nieuwveer, NL: 
Temperature STP = 10-25°C; sludge-return flow rate: 23,534 m3 d-1; thickened sludge 
concentration = 10 g VSS L-1; filtrate production = 419 m3 d-1; NH4+-N concentration filtrate = 
1033 mg N L-1; temperature filtrate = 33°C; pH after mixing with a digestate:return-sludge ratio 
of 0.8 = 8.12). This return-sludge treatment can periodically expose the floccular sludge of a 
nitritation, nitritation/denitritation or hybrid PN/A reactor to boost the AerAOB over NOB 
activity. For PN/A, AnAOB that are in the biofilm on the carrier, and who are also very sensitive 
towards sulfide (Oshiki et al., 2015), should not be exposed to this treatment. The 
concentrations that were effective in this study cannot be produced in situ. Sulfide needs to 
be added from an external source, i.e. Na2S. The impact of sulfide addition (i.e., 150 mg S L-
1) in the return-sludge stream on the final effluent quality is minor, with final sulfate 
concentrations increasing with 2 mg SO42- L-1. Further optimization of the proposed treatment 
might lead to a more efficient use of sulfide, and when successfully implemented, it may pave 
the path towards successful mainstream NOB-suppression.  




A novel return-sludge treatment was designed to increase the AerAOB over NOB activity in 
nitrifying flocs, as can for instance be implemented in a PN/A integrated fixed-film activated 
sludge process. Exposure to single and combined treatments of sulfide (0-600 mg S L-1), 
anaerobic starvation (0-8d), and an extra FA shock (30 mg N L-1 for 1h), revealed the following: 
1. The immediate stress response of AerAOB and NOB towards sulfide showed 
proportional inhibition. With addition of 300 mg S L-1, a 6x increase in AerAOB/NOB 
activity ratio, and 55% loss in AerAOB activity was observed. In contrast, a FA shock 
(30 mg N L-1 for 1h), or anaerobic starvation had no impact. 
2. The observed long-term recovery did not always reflect the immediate stress response. 
Sulfide exposure (150 mg S L-1 for 1h) did not enable long-term NOB suppression (14 
days). 
3. Combinatory effects inhibited AerAOB and NOB more strongly. A combined treatment 
of sulfide (150 mg S L-1), 2d anaerobic starvation and FA shock (30 mg FA-N L-1) 
resulted compared to sulfide addition alone in 14% AerAOB activity loss, while the 
AerAOB/NOB activity ratio remained constant. 
4. Despite no positive change was observed in the immediate stress-response, AerAOB 
recovered much faster than NOB after this combined treatment, with a nitrite 
accumulation ratio (effluent nitrite on nitrite + nitrate) peak of 0.5 after 12 days. 
Studying long-term recovery may therefore be crucial for design of an optimal NOB-
suppression treatment. Repeatedly exposing floccular sludge to this treatment may lead 
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Implementation of mainstream partial nitritation (PN/A) in the main line of a sewage 
treatment plant can lead towards more sustainable and cost-effective sewage treatment. 
PN/A relies on the teamwork of aerobic ammonia and anaerobic ammonium-oxidizing 
bacteria (AerAOB and AnAOB), who convert the incoming ammonium to nitrogen gas. 
Suppression of nitrite oxidizing bacteria (NOB), who compete with AnAOB for the AerAOB 
sourced nitrite, is still the major challenge for robust process implementation. An integrated 
fixed-film activated sludge (IFAS) mainstream PN/A reactor, with flocs and biofilm on 
carriers was operated at 26°C. Different floccular aerobic sludge retention times 
(AerSRTfloc), aeration strategies, and N-loading rates were tested to define optimal 
operational strategies. The best performance was observed with a low but sufficient 
AerSRTfloc (~7d), and an aeration strategy that employed continuous aeration based on 
two DO setpoints: 10 minutes at 0.05 mg O2 L-1, and 5 minutes at 0.27 mg O2 L-1. Removal 
rates of 122±23 mg N L-1 d-1 and a nitrogen removal efficiency of 73±13% were obtained. 
Under these conditions, the floc acted as a nitrite source (AerAOB/NOB activity ratio = 
29:1), while the carrier was a nitrite sink (AnAOB/NOB activity ratio = 1.5). For a successful 
nitrite source, maintaining a higher floccular sludge concentration (~0.5-1 g VSS L-1) 
allowed for sufficient aerobic ammonium conversion, while keeping the AerSRTfloc 
sufficiently short (<7d) enabled higher floccular AerAOB/NOB activity ratios. For the carrier 
as nitrite sink, lower DO setpoints (0.05 vs. 0.15 mg O2 L-1) and higher loading rates (150-
200 vs. 60 mg N L-1 d-1) resulted in higher AnAOB/NOB activity ratios, while the carrier 
biofilm thickness might not play a significant role. The operational strategies highlighted 
within the source-sink framework can serve as a guideline for successful operation of 





Literature proposes a myriad of strategies on how to suppress NOB in mainstream PN/A 
(Cao et al., 2017). Recent advances included more complex reactor operation in so-called 
hybrid reactor technologies, where flocs with high aerobic activity coexist together with 
biofilms, i.e. on a carrier or in a granule, that hosts both aerobic and anoxic microbial 
conversions. This type of configuration aimed to overcome the aerobic rate limitations 
found in biofilm-only technologies, like granular or membrane moving bed biofilm reactors 
(MBBR) (Cao et al., 2017). Furthermore, to successfully operate hybrid reactors kinetic 
suppression/stimulation or ON/OFF control, i.e. by aeration strategy, residual ammonium 
concentrations, can be coupled with IN/OUT control (Chapter 1, Section 4). By selection 
on size (sieves) or density (hydrocyclones or external settlers), the floccular sludge 
retention time (SRT) can be uncoupled from the biofilm SRT. This enables high retention 
of the slow growing AnAOB and a shorter floccular SRT to achieve sufficient AerAOB 
activity, yet gradual wash-out of NOB when the right process conditions are given. This 
IN/OUT control is most easily controlled in integrated fixed-film activated sludge (IFAS) 
reactors, where biofilm on carriers and flocs can be more easily separated than a granule-
floc sludge matrix. Therefore, this reactor type is highly suitable for better understanding 
of the complex web of interactions which constitutes mainstream PN/A. 
The few studies published on hybrid PN/A technologies on pretreated sewage showed 
promising results, with low nitrate production over ammonium conversion ratios in a range 
of 4-30% at 22-30°C (Han et al., 2016; Laureni et al., 2016; Malovanyy et al., 2015; Yang 
et al., 2017). Overall, the studies utilized residual ammonium concentrations >2 mg NH4+-
N L-1 to maximize AerAOB and AnAOB activity. Other operational strategies were however 
different. Laureni et al (2016) and Yang et al (2017) reported continuous aeration at a low 
DO setpoint (<0.2 mg O2 L-1), combined with either short (7d) or high floccular SRT (40d) 
at 22-25°C. Han et al. (2016) used intermittent aeration at a high DO setpoint of 1.5 mg 
O2 L-1, combined with a very short aerobic floccular SRT (AerSRTfloc) of 2.8d at 30°C. Since 
a wide and sometimes contrasting range of SRT values (i.e. 7 vs. 40d) was applied in 
previous studies, the interaction between AerSRTfloc and other operational conditions 
needs further attention. 
In this study, an IFAS reactor, with sludge as flocs and biofilm on carriers, treated 
synthetic pretreated sewage at 26-27°C for a period of almost a year. The reactor was 
operated in sequencing batch mode to mimic substrate gradients experienced in full-scale 
plug-flow conditions, ensuring residual ammonium concentrations during process 
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operation to enhance AerAOB and AnAOB activity (Third et al., 2001). Different AerSRTfloc 
in combination with different aeration strategies (DO setpoints and aeration patterns) were 
tested to unravel the factors governing the AnAOB, AerAOB and NOB activity distribution 
over carrier and floc. The final goal was to design predictable operational strategies to 




2 Material and Methods 
 
2.1.1 Reactor set-up 
A 4.5 L SBR (33% volume exchange ratio) was operated for 325 days at 26-27°C. The 
dissolved oxygen (DO) setpoint was controlled by a Hach Lange LDO sc probe and SC100 
controller (Hach Lange, Oregon, US). The airflow rate was manually adjusted by an airflow 
controller (OMA-1, Dwyer, Indiana, US) in a range of 0.1-1 L min.-1 to avoid large setpoint 
overshoots in the reactor. pH was controlled with the same Hach Lange SC100 controller 
by dosage of 0.05 M NaOH when the pH was < 7.2. DO and pH were monitored online by 
a LabJack data-acquisition card and Daqfactory software (Azeotech, Oregon, US). A 
reactor cycle consisted of the following steps: 1) 45 minutes of feeding and aerobic 
reaction, 2) Aerobic reaction time, 47-215 minutes, depending on the loading rate of the 
reactor, 3) 4 minutes of anoxic mixing, 4) 20 minutes settling time, 5) 4 minutes of liquid 
withdrawal.  
2.1.2 Sludge seeding 
Carriers were seeded (30% filling ratio) from AnoxKaldnes K1 carriers that were enriched 
in AnAOB biofilm. They were cultured in an oxygen limited, open to the air moving bed 
biofilm reactor for over 1 year under mainstream conditions (influent 50 mg NH4+-N/ 50 mg 
NO2--N L-1).  Floccular sludge from an industrial partial nitritation (NAS) reactor was seeded 
four times over the experiment (Figure 5.1, black arrows) (Desloover et al., 2011).  
2.1.3 Influent 
Before the reported operational periods, the reactor was operated for 59 days under a 
completely autotrophic IFAS mode. The reactor was fed with a synthetic feed mimicking 
pretreated sewage. Tap water at 26-27°C was mixed with a concentrated feed stored at 
4°C that includes NH4Cl, KH2PO4, NaHCO3, and trace elements. The final concentrations 
in the influent were 40-50 mg NH4+- N L-1, 1.8±1.4 mg NO3--N L-1, 0.48±0.47 mg NO2--N L-
1, ~0.5 g NaHCO3 L-1, 5 mg PO43--P L-1, and 1 mL L-1 trace element solutions A and B 
(Table D.1). Biodegradable COD (bCOD) was added to promote floc growth, and for the 
bCOD/N range of 0.5-1, a concentrated, cold stored (4°C) glucose solution was added in 
a pulse wise manner during feeding. To promote floc growth, bCOD/N was increased to a 
level of 2. The bCOD consisted of a mix of acetate (20%), starch (65%) and yeast extract 
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(15%, about 1 mg N L-1) to represent the more slowly biodegradable nature of bCOD in 
pretreated sewage.  
2.1.4 Sampling 
Influent and effluent samples for nitrogen measurements were taken regularly over the 
course of the experiment, and filtered over a 0.2 μm filter, prior to storage (4°C) and 
analysis. Total and volatile suspended solids (TSS and VSS) were measured of the mixed 
liquor together with the 24h collected effluent samples to calculate the aerobic floccular 
sludge retention time (AerSRTfloc). Biofilm sludge content on the carriers was not 
measured. Carriers and flocs were sampled for molecular analysis. Carriers were 
immediately stored at -20°C, and flocs from the mixed liquor were pelletized by 
centrifugation for 10 min. at 20,817 RCF, and stored at -80 °C.  
 
Five batch activity tests (Figure 5.1, red arrows) were executed to determine AerAOB, 
AnAOB and NOB ex-situ potential activities. Flocs and carriers (5 randomly taken from the 
reactor per test) were brought separately in a pH 7.2 corrected medium of 3.87 g HEPES 
L-1, 0.2 g CaCl2•2H2O L-1, 0.1 g MgSO4•7H2O L-1, 5 mg Na2HPO4•2H2O-P L-1, 0.5 g 
NaHCO3 L-1, and 1mL L-1 trace elements A and B (Table D.1). For the anoxic test, the 
penicillin bottles were flushed with N2 gas prior to spiking. Spikes of 50 mg NH4Cl-N and 
25 or 50 mg NaNO2-N L-1 were given at the beginning of the aerobic and anoxic test, 
respectively. Concentrations of NO2-, NO3- and NH4+ were monitored over time. Protein 
measurements were done to assess floccular sludge concentration to calculate biomass 
specific rates (mg N g biomass-1 protein d-1). For the carriers, activities were calculated 
volumetrically (per 5 carriers). Each test was done in triplicate. After the test, the carriers 
and (remaining) flocs were returned to the reactor. 
 
NO2--N and NO3- -N were measured with a 761 Compact IC (Metrohm, CH). NH4+ was 
measured with the Nesslerization method, while volatile suspended solids (VSS) and total 
suspended solids (TSS) were measured per Standard Methods 2540D and E (Greenberg 
et al., 1995). Protein concentrations were determined using Lowry method, with bovine 
serum albumin (BSA) as a standard (Lowry et al., 1951). The sludge was washed twice 




The distribution of AnAOB, AerAOB and NOB activity between floc or the biofilm on the 
carrier was calculated by fitting the batch test activity data to the reactor performance data. 
First, the potential activity by floc and carrier in the reactor was estimated by extrapolation 
of the potential activities measured in the batch tests. The extrapolation was done by 
means of the floccular sludge concentration (with g VSS reactor, and ratio g protein/ g 
VSS = 0.8) and number of carriers in the reactor (=1390). The potential activities were 
then corrected with the aerated fraction during that operational phase for AnAOB, AerAOB, 
and NOB, since it was assumed that AnAOB, AerAOB and NOB main activity was during 
this period (not during settling/anoxic mixing). The potential activity was then corrected 
with the average oxygen concentration by means of a Monod saturation model (for 
AerAOB, NOB), while nitrogen limitations where assumed to have no effect on the activity. 
This is for nitrite due to the low substrate affinities for NOB Nitrospira and AnAOB Brocadia, 
and for ammonium due to SBR cycling with only short periods of low ammonium 
concentrations. To account for the different diffusional limitations in biofilm and floc, a 
biofilm over floc saturation factor (>1) was introduced. The NOB oxygen affinity constant 
KO2,NOB was taken as literature value, being 0.23 mg O2 L-1, since no significant differences 
were measured between Nitrospira species (Ushiki et al., 2017). The AerAOB oxygen 
affinity constant (KO2,AOB) and biofilm over floc saturation factor were then fitted to the data 
until the calculated nitrogen balance fitted the measured N-balance (in %) during 
operation, by minimizing the average residuals over the selected period. The fitted KO2,AOB 
was 0.32 mg O2 L-1, with a biofilm over floc saturation factor of 1.78. The average error 
between the model and measured activities for AnAOB, AerAOB and NOB was 11±8%, 
10±10%, and 3±1.5% respectively.  
 
A pixel based image-recognition methodology estimated the surface area of the biofilm. 
Pictures of carriers (Figure D.2, panel A) were taken with a Canon EOS 700D (T2 / canon 
AF T2-T2 1,6x SLR 426115) mounted on an Olympus SZH-ILLK stereomicroscope under 
identical lighting conditions. The surface area of the biofilm was estimated by analyzing 
the images. The main rationale was that the biofilm can be distinguished by the red-
brownish color, whereas the photo-background and carrier were colored as black and 
white respectively. The approach consisted of three steps. First, to better distinguish 
between colors, the contrast and lighting of the images were increased. To do this, for 
each RGB-channel, the histogram was equalized. Secondly, the biofilm was identified by 
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replacing the range of brown colors (RGB range from 190-0-0 to 255-50-50) into a uniform 
red color (RGB-value 255-0-0). The same technique was used to identify the background 
and the holder into a uniform white and light blue color (Figure D.2, panel B). Finally, the 
number of pixels needed to fit 1 mm2 was calculated using the image of a ruler, taken with 
the same fixed camera settings. The surface area of the biofilm was then calculated with 










The carrier filling ratio (%) for each quarter of the K1-carrier was calculated as the 
normalization of the biofilm surface area over the surface area of the quarter. 
The biofilm thickness was estimated by dividing the surface area over the perimeter of 
one quarter, being 16 mm, for the thin biofilms, and a smaller perimeter of 10 mm for the 
thick biofilms due to the triangular shape of the quarter. 
 
Over the operational period, samples of flocs and carriers were taken in triplicate, except 
for day 12 (3x floc, 1x carrier), day 148 (3x floc, 2x carrier), day 197 (2x floc, 3x carriers), 
day 213 (3x floc, 0x carrier), and day 325 (0x floc, 10x carrier (5x thick and 5x thin)).  Floc 
samples were taken from the reactor at maximum reactor volume (=4.5 L), pelletized and 
stored at -80°C. Carriers with the biofilm were taken randomly and stored at -20°C. Before 
extraction, the carriers were added in 1.5 mL sterile phosphate buffered saline (PBS 
tablets, Sigma Aldrich, Belgium) and sonicated twice for 15 min to remove the total biofilm 
successfully from the carrier. The biofilm diluted in PBS was then transferred to a 1.5 mL 
DNA extraction tube and pelletized. 
The DNA extraction was executed according to Vilchez-Vargas et al. (2013). The quality 
of the DNA extracts was validated by means of 2% (w/v) agarose gel electrophoresis and 
via PCR. The quality of the PCR product was determined with agarose gel electrophoresis 
to ensure no inhibition of the PCR took place. 
High-throughput amplicon sequencing of the V3 – V4 hypervariable region (Klindworth, 
2013) was performed with the Illumina MiSeq platform, according to the manufacturer’s 
guidelines at LGC Genomics (GmbH, Berlin, Germany). Analysis of the amplicon data was 
performed with the software package MOTHUR (v.1.33.3) (Schloss, 2009). Contigs were 
generated by merging the forward and reverse reads and they were further aligned to the 
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SILVA v123 database. Sequences that did not correspond to the V3-V4 region as well as 
sequences with ambiguous bases or more than 12 homopolymers were removed. The 
aligned sequences were filtered and dereplicated. UCHIME was used to removed 
chimeras (Edgar, 2011), and the sequences were clustered in OTUs with 97% similarity 
with the cluster.split command (average neighbour algorithm). OTUs were subsequently 
classified using the MIDAS database based on Silva v123. 
The reads received from 16S rRNA gene amplicon sequencing were imported in R 
(v3.3.2). OTUs with no more than one read in every sample (singletons) were removed 
(McMurdie, 2014).  α-diversity was calculated based on the Hill numbers, adjusting the 
diversity command of the PhenoFlow package (v1.0) (Props,2016) in R. β-diversity NMDS 
plots were generated based on Jaccard dissimilarity index. The graphs representing the 
10 most relative or absolute abundant genera were generated using the phyloseq package 
(McMurdie, 2013) in R (v3.3.2). The replicates were merged using the ‘merge_samples’ 
command of the phyloseq package. Finally, the differential abundance of OTUs in samples 
were calculated using the DESeq2 package (v1.16.1) converting the phyloseq object with 
the command ‘phyloseq_to_deseq2’ from the phyloseq package in R (v3.3.2). The 
Benjamini-Hochberg multiple-inference correction was used and significantly enriched 
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3 Results & discussion 
 
The results of the experiment are given in Figure 5.1 and stable operational periods are 
summarized in Table 5.1, while Figure 5.2 depicts the microbial communities in floc and 
carriers, and their changes. The main variables that were changed during the experiment 
were the aerobic floccular sludge retention time (AerSRTfloc) and continuous aeration 
strategy, i.e. one-point aeration; one setpoint, and two-point aeration; 5 min. high setpoint, 
10 min. low setpoint. The N loading rate and bCOD/N ratio were occasionally changed. 
Industrial PN sludge was occasionally seeded (Figure 5.1, black arrows) at the start of 
an operational strategy with high AerSRTfloc (Phase I and VIa) to have sufficient floccular 
biomass. 
Table 5.1 Operational phases with their performance data, chosen at stable operational 
conditions. Values highlighted in yellow indicate a period of higher DO-concentrations during 
aeration, analogue to Figure 5.1.  For bCOD/N = 0.5-1, the used carbon source was glucose. + For 
bCOD/N = 2, the mixture consisted of acetate (20%), starch (65%) and yeast extract (15%, about 
1 mg N L-1) to represent the more slowly biodegradable nature of bCOD in aerobically pretreated 
sewage. Values in bold highlight the changes between the different operational periods. * For two-
point continuous aeration: low DO setpoint 10 min.; high DO setpoint 5 min. AerSRTfloc:  Aerobic 
sludge retention time of the floc. 
 
The best performance of the reactor was in Phase VIa, with two-point aeration, a sufficient 
AerSRTfloc of 6.8±3 d, and a bCOD/N of 0.5-1. This period achieved a nitrogen removal 
rate of 122±23 mg N L-1 d-1 with a nitrate production ratio of 18±6% over a period of 17 d.  
This N removal rate is slightly higher than other hybrid reactor systems at temperatures of 
25-31°C, with rates of 97-100 mg N L-1 d-1 and low nitrate production ratios of 4-19% (Yang 
et al., 2017; Han et al., 2016).  
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Figure 5.1 Depicting the relationship between operational conditions (Panel A-C) and reactor performance 
(Panel D). Main variables: floccular aerobic sludge retention time (AerSRTfloc) (Panel A) and aeration strategy 
(Panel B). Side variables (Panel C): N-loading rate and influent bCOD/N ratio. Yellow shaded area indicates 
higher aeration setpoints, while the red shaded area indicates a period of difficult AerSRTfloc control.  Effluent 
values, and AnAOB, AerAOB, and NOB conversion rates can be found in Figure D.3. bCOD: biodegradable 
chemical oxygen demand. DO: Dissolved oxygen. Nitrate production ratio: produced nitrate on converted 
ammonium-produced nitrite.




Figure 5.2 Telezoom on the impact of different operational parameters (1.) on the microbial community for flocs and carriers. Zoom in starts from 2.) relative abundance of the 
15 most abundant phyla in the total community, towards 3.) relative abundance of the most abundant AerAOB, AnAOB and NOB  genera and species of the autotrophic N-
community and 4.) relative abundance within the Nitrosomonas community (all AerAOB OTU = 100%). Data shown is a triplicate for floc/carrier at each timepoint. In the table 
above, the different operational parameters (1.) of that reactor period are summarized. Shaded areas in the table highlight areas of interest to compare the different timepoints. 
The big black arrow indicates an inoculation timepoint. At day 213 and day 325 no samples of carrier or flocs were taken respectively. * At this timepoints, also batch activity 
tests were executed. + Aeration strategy: continuous aeration: one-point; or  two-point aeration: 10 min. low setpoint; 5 min. high setpoint. N: Nitrogen. AerAOB: Aerobic ammonium 




Two other IFAS studies at 25°C showed similar nitrate production ratios, yet with lower N 
removal rates of 47-55 mg N L-1 d- 1 (Laureni et al., 2016; Malovanyy et al., 2015). Some 
biofilm-only single-stage PN/A at ~25°C reported similar removal efficiencies (>77%), but 
lower removal rates (10-47 mg N L-1 d-1), mainly due to aerobic diffusional limitations (Gilbert 
et al., 2014; Laureni et al., 2016). Other single stage PN/A or nitritation/denitritation systems 
at 25°C reported higher removal rates (150-500 mg N L-1 d-1), yet with lower N removal 
efficiencies (35-66%), mainly due to residual ammonium levels or higher nitrate production 
(De Clippeleir et al., 2013; Lotti et al., 2008; Regmi et al., 2014). Furthermore, the obtained N 
removal rate is comparable with those achieved in conventional activated sludge systems 
based on nitrification/denitrification (100-150 mg N-1 L-1 d-1) (Wiesmann, 1994). This shows 
the feasibility of mainstream PN/A in countries with sewage temperatures over 25°C, influent 
ammonium concentrations up to 45-50 mg N L-1, with discharge limits of 10 mg TN L-1. 
 
The potential activity of AnAOB, AerAOB and NOB in the floccular biomass and carriers was 
separately evaluated by performing ex-situ batch tests after different periods under stable 
operational conditions (Figure 5.1, red arrows). These batch activities were then compared 
to the performance of the reactor under each specific set of conditions (See Figure 5.3 and 
Figure D.4 for a global overview). High AerSRTfloc (=26d) and one-point aeration (0.15 mg 
O2 L-1) allowed for NOB overgrowth (Phase I) and caused the highest NOB activity in both 
carriers and flocs (rmaxNOB.floc = 469 mg N g protein-1 d-1, rAerAOB/rNOB = 1.4). One-point 
aeration (0.15 mg O2 L-1) and a AerSRTfloc as low as 4.1d, during phase IV, enabled for superior 
NOB suppression (rmaxNOB.floc = 115 mg N g protein-1 d-1, rAerAOB/rNOB = 6) but did not 
support AerAOB growth and high ammonium levels remained in the effluent with no nitrite 
accumulated. Finally, during Phase VIa, two-point aeration and sufficient AerSRT of 6.8d 
supported AerAOB activity while promoting further wash-out of NOB in the floc fraction 
(rmaxNOB.floc = 32 mg N g protein-1 d-1, rAerAOB/rNOB = 29).  
Overall, the reactor nitrate production ratio was inversely correlated to the proportional 
anammox capacity on the carrier (rAnAOB/rNOB) when AerSRTfloc varied from 4.1-7.7 d 
(Figure 5.3). Besides the inverse correlation, the highest rAnAOB/rNOB in the carriers (1.5) 
was only achieved with two-point aeration and short AerSRTfloc, which enabled the flocs to 
supply nitrite for the carriers.  




Figure 5.3 Activity distribution between flocs and carriers for AnAOB, AerAOB and NOB as derived 
from the potential activities obtained in the batch tests, fitted to the reactor performance of the different 
phases (See M&M Section 2.4). In the left top corner, the legend is shown. Different operational 
phases; Phase I (lowest NOB suppression), Phase IV (intermediate NOB suppression), and Phase VIa 
(highest NOB suppression). With X-floc: floccular sludge concentration. 
 
 
Figure 5.4 Relationship between carrier rAnAOB/rNOB, as measured in batch tests, and nitrate 






A balanced hybrid PN/A can thus be achieved when the flocs act as a nitrite source, while 
nitrite scavenging that controls nitrate production, is forced to occur in the biofilm, which is 
comparable to sidestream hybrid PN/A (Hubaux et al., 2015). This was further supported by 
the deseq analysis on the autotrophic N-community (AnAOB, AerAOB, NOB) (Figure D.5, 
Panel 2), where most AnAOB (Brocadia) were preferentially enriched in the carrier, NOB 
(Nitrospira) enrichment lingered slightly more in the floc than in the carrier, and one of the 
most dominant AerAOB (Nitrosomonas OTU 143) was preferentially enriched in the floc. This 
OTU was also most abundant in the floc in the most performant Phase VIa. Therefore, in the 
next sections, we discuss different control mechanisms to stimulate and retain AerAOB as 
floccular nitrite source, and stimulate AnAOB/suppress NOB in the carrier nitrite sink. This 
discussion interlinks the information obtained from the operational parameters (Figure 5.1), 
microbial community analysis (Figure 5.2), and batch-activity tests (Figure 5.3). 
 
Low AerSRTfloc produced higher potential rAerAOB/rNOB activity ratios in the floc at 
low DO setpoints (Figure D.8). The rAerAOB/rNOB increased from 1.4 to 7.5 when 
AerSRTfloc was lowered from 26 to 5 days (Phase I vs. Phase IV). High AerSRTfloc, as in Phase 
I, thus most likely prevented NOB washout, resulting in complete oxidation (80%) of the 
converted ammonium, even at a DO setpoint as low as 0.15 mg O2 L-1 (See Figure 5.1 & 
Figure 5.3, Phase I). This is consistent with the observations in the beginning of phase VIa, 
where nitrate production peaked after an increase in AerSRTfloc. Furthermore, at the end of 
the experiment (Figure 5.1, phase VIb, red shaded area), slight AerSRTfloc changes in the 
range of 7-10d had an important impact on the NOB activity. This indicates that under these 
conditions (26-27°C, two-point aeration), tight AerSRTfloc control at around 6-7 days is 
necessary to get sufficient AerAOB activity, while too low or high AerSRTfloc would cause 
washout of AerAOB (Phase II-V) or NOB growth (Phase I), respectively. Controlling AerSRTfloc 
in hybrid PN/A is thus crucial to obtain stable process performance. The final choice of the 
AerSRTfloc will go hand in hand with process conditions that determine AerAOB growth and 
activity: e.g. the applied aeration strategy and temperature of the process. 
The results from Phase I are in stark contrast with a recent study by Yang et al., (2017) 
where a stable PN/A on pretreated sewage was achieved for 120 d under similar conditions; 
T = 20-25°C, AerSRTfloc of 40d, continuous one-point aeration <0.2 mg O2 L-1, and residual 
ammonium levels >2 mg NH4+-N L-1. Assuming steady state is achieved after three AerSRTfloc, 
this strategy proved to be successful. As the study showed high N removal efficiencies since 
inoculation, the inoculum could have played a vital role. Their inoculum’s NOB relative 
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abundance was with 0.01% much lower than the 0.3% in our case. As initial high AnAOB 
activity might directly channel nitrite away from the bulk, NOB exponential growth in the floc is 
limited and longer AerSRTfloc are needed to enable growth. 
The batch-test rAerAOB/rNOB ratios in the flocs (Figure 5.3) were higher than previously 
observed in mainstream hybrid PN/A systems at temperatures of 25-30°C: at low AerSRTfloc 
these reached 4.4-29 compared to literature values of 1-1.6 (Han et al., 2016; Malovanyy et 
al., 2015). Whereas the previously described values were obtained with intermittent aeration 
that alternated high DO setpoints (>1 mg O2 L-1) with anoxia, the here applied continuous 
aeration at lower DO setpoints seemed to better outcompete NOB. This is consistent with the 
results of Laureni et al. (2016), who applied continuous aeration <0.2 mg O2 L-1, and where 
molecular methods showed very low numbers of NOB compared to AerAOB in the flocs. In 
contrast, a mainstream nitritation/denitritation study with intermittent aeration (1.6 mg O2 L-1) 
at 25°C reported rAerAOB/rNOB values of 5.5-6 (Regmi et al., 2014). AnAOB have recently 
been shown to have gradual recovery after oxygen inhibition, with the intermittent aeration 
pattern potentially decreasing AnAOB activity and thus competition for nitrite (Chapter 2). The 
observed difference in NOB suppression might thus indicate that AnAOB are more sensitive 
to oxygen inhibition than denitrifiers. 
The floccular sludge concentration controls the maximum nitrite production rate. 
Over the course of the experiment the largest part of the AerAOB activity (51-92%) was always 
located in the flocs, whereas NOB activity shifted from the flocs to the carriers when low 
AerSRTfloc were applied (Figure 5.3). This is supported by the observed correlation between 
the volumetric AerAOB activity with the floc concentration range of 0.05 to ~1 g VSS L-1 (see 
Figure D.7). Depending on the inoculum timepoint and other operational strategies, the 
AerAOB reactor activity increased from 20 to 80-120 mg N L-1 d-1 when the floc concentration 
increased from 0.05 to ~1 g VSS L-1.  Additionally, the potential activity of AerAOB in the 
carriers (Table D.6) decreased over time from 40 mg N L-1 d-1 to about 25 mg N L-1 d-1, even 
when higher DO-set points (0.31-0.51 mg O2 L-1) during two-point aeration were applied. As 
AerAOB activity is mainly located in the floc, sufficient floc concentration is necessary to 
achieve high turnover rates at low DO concentrations. 
Seeding from an industrial partial nitritation reactor did not allow for successful 
AerAOB bio-augmentation. Over the course of the experiment, i.e. on day 0, 98, 213, 
floccular nitritation sludge from an industrial partial nitritation process was seeded. On two 
days, day 0 and 213, the major AerAOB OTUs that were present, i.e. OTU 119 and OTU 143, 




functionality was observed, i.e. there was sufficient ammonium oxidation in the reactor, the 
augmented OTUs could not thrive under mainstream conditions. This finding has strong 
implications for strategies that apply sidestream seeding to boost rAerAOB/rNOB values, as it 
highlights the importance of the seeded AerAOB species to bring about a long-lasting solution. 
 
Lower DO setpoints stimulate the maximum rAnAOB/rNOB values. During continuous 
one-point aeration (Figure D.3, Phase IIb compared to phase IV), a minor decrease of the 
DO setpoint from 0.15 to 0.06 mg O2 L-1 caused the rAnAOB/rNOB to increase from 0.61 to 
0.93, while all other operational parameters, i.e. AerSRTfloc, loading rate, influent bCOD/N, 
were similar. As oxygen inhibition has been reported for AnAOB at very low DO setpoints of 
0.02-0.13 mg O2 L-1, micro-aerobic conditions at the biofilm-liquid interface most probably 
steer the competition for nitrite (Dalsgaard et al., 2014; Kalvelage et al.,2011). A previous 
study on large PN/A granules (>500 μm) showed stratification of aerobic (O2 penetration 
depth: 100 μm at 0.14 mg O2 L-1) and anoxic processes in the biofilm (Nielsen et al., 2005; 
Vlaeminck et al., 2010). This indicates that the lower DO set-points most likely created less 
oxygen penetration in the biofilm and therefore also less space for aerobic processes, 
increasing the rAnAOB/rNOB. Furthermore, the study found that the hydraulic regime seemed 
to be crucial in regulating mass transfer in the diffusive boundary layer, where low mixing 
resulted in a much lower O2 penetration depth (~50 μm). For IFAS-related applications, oxygen 
consumption by flocs and carriers, as function of nitrogen and carbon load, as well as reactor 
turbulence and heterogeneity will influence mass transfer in this diffusive boundary layer, 
governing competition in the biofilm. Optimization of these parameters may therefore result in 
higher rAnAOB/rNOB in the carrier.  
Higher nitrogen loading rates might increase competition for nitrite and space in the 
biofilm. Since aerobic activity on the biofilm is limited due to the previous discussed effects 
of mass transfer, higher loading rates will give rise to more floccular nitrite production per 
biofilm surface area, when the floc acts as a nitrite source. This potentially leads to more 
AnAOB activity or growth in the biofilm, and thus more competition for nitrite and space in the 
biofilm. This hypothesis gives an indication why such substantial difference was seen in the 
performance of the two two-point aeration phases V and VIa, which operated at a loading rate 
of 64 and 153 mg N L-1 d-1 respectively.  When shifting from phase V to VIa, the potential 
activity of AerAOB and NOB on the carrier decreased similarly, from ~30 towards ~25 mg N 
L-1 d-1. In contrast, the potential activity of AnAOB increased, with a rAnAOB/rNOB increase 
from 0.46 to 1.47. This resulted in the best reactor performance with a decrease in nitrate 
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production ratio of 44 to 18%. The activity results were not reflected by similar shifts in relative 
abundance of AnAOB and NOB on the carrier (Figure 5.2, Panel 3 on AnAOB, AerAOB and 
NOB community). The AnAOB/NOB abundance ratio showed a decrease from 7 to 5, rather 
than an increase. The following explanation could lie on the basis for the discrepancy: 1.) 
heterogeneity of sampling (mainly thick biofilms were sampled), 2.) deeper changes in 
microbial community structure (e.g. NOB Nitrospira sublineage II to I), and 3.) longer biofilm 
sludge retention times, where inactive or dead AnAOB/NOB biomass might not reflect actual 
activity. 
Biofilm thickness did not impact the microbial abundance in the carriers. At the end 
of the experiment (day 325), different carriers were sampled in the reactor and classified as 
thick biofilms (avg. biofilm thickness = 1.1 ± 0.1 mm) and thin biofilms (avg. biofilm thickness 
0.3 ± 0.2 mm) (Figure D.2). The community analysis did not reveal any significantly different 
OTUs between the thick and thin biofilms, both for the autotrophic nitrogen community (See 
Figure 5.5) as for the 15 most abundant members of the so-called satellite community. The 
thin biofilms however had a higher, although not significantly different AnAOB/NOB relative 
abundance ratio of 9.4±5.1 vs. 5.9±2.2 compared to the thick biofilms. Furthermore, from the 
randomly sampled carriers over the course of the experiment, which classified mostly as thick 
carriers (Figure D.9), the thick and thin biofilms did not differ, confirming the results of the last 
day sampling campaign. The results obtained are not in line with the current understanding of 
thick and thin biofilms in sidestream PN/A. There, larger biofilm thicknesses and granule 
diameters 1-2 mm vs. 0.1-0.2 mm had higher AnAOB enrichment, resulting in higher 
AnAOB/NOB ratios, providing better suppression of NOB (Nielsen et al., 2005; Vlaeminck et 
al., 2010). One explanation might be that diffusional limitations, namely low nitrite levels in the 
bulk (<1 mg N L-1), could have limited AnAOB growth in the inner part of the thick biofilms. 
Furthermore, the very low (~0.05 mg O2 L-1) applied oxygen levels could have limited aerobic 
growth in the thin biofilms, which was already shown by the loss in aerobic activity (AerAOB + 
NOB) over time in the biofilm. From our results, at the level of AnAOB and NOB abundance, 
and within a biofilm thickness range of 0.08 to ~2.5 mm, it seems that biofilm thickness will not 
be a major factor controlling the rAnAOB/rNOB ratio. Yet, since NOB abundance does not 
always reflect their activity in these biofilms (Winkler et al., 2012), further confirmation of actual 





Figure 5.5 Distribution of the different AnAOB, AerAOB and NOB genera of the autotrophic N 
community in thick and thin carrier biofilms, as visually preselected on day 325. 
 
Influent biodegradable organic carbon (bCOD) was almost completely oxidized, while 
partial denitrification can increase nitrogen removal. To assess the fate of bCOD, a 
reactor cycle at day 288 was monitored. Two 15 mg bCOD L-1 spikes were added after feeding 
(Figure 5.6). The spikes were given during a low (0.05 mg O2 L-1) and high (0.3 mg O2 L-1) DO 
setpoint. Overall, from the mass balance, 80% of the bCOD was removed aerobically at the 
low DO setpoint, while at the high DO setpoint all bCOD was lost aerobically. These results 
match the ones from Laureni et al., (2016) where at a DO setpoint of 0.1-0.2 mg O2 L-1, almost 
all bCOD was lost aerobically.  




Figure 5.6 Impact of bCOD spikes on reactor performance on day 288. The spikes were given after 
the 45 minutes feeding phase ended. Red arrows indicate bCOD spikes composed of acetate (20%), 
yeast extract (15%) and starch (65%), under the low (0.05 mg O2 L-1; first spike) and high (0.3 mg O2 L-
1; second spike) setpoints.  
Interestingly, with the bCOD spike at the low DO setpoint (~0.05 mg O2 L-1), nitrate 
concentrations decreased during the next ten minutes in the reactor, while nitrite accumulated 
slightly over this period, indicating that some partial denitrification might take place. Engaging 
this pathway in PN/A would allow nitrite production, and increase in N removal performance. 
Partial denitrification has been reported in PN/A reactors and it is suggested that low influent 
bCOD/N ~ <2.6 concentrations, easy biodegradable bCOD (e.g. acetate) or cross-feeding 
promote the pathway  (Du et al., 2016; Malovanyy et al., 2015; Speth et al., 2016). From the 
sequencing analysis, seven of the 15 most abundant OTUs (Figure D.5, Panel 1, underlined 
genera) are known to potentially code for nitrate reductase and seen in (partial) denitrifying 
environments: genus Thauera (phylum β-proteobacteria) (Du et al., 2016), genus WCHB1-50 
(Chloroflexi) (Speth et al., 2016), genus Ignavibacterium (Chlorobi) and K2-30-37 (Chlorobi) 
(Agrawal et al., 2017), genus Brevundimonas (α-proteobacteria) (Srinandan et al., 2011), and 
genus Blastocatella (Acidobacteria) (Speth et al., 2016) .   
The bCOD change mainly stimulated the growth of the genus Thauera, which preferred to 
be in the floc (2  22% relative abundance). Species of the genus Thauera were earlier 
associated with partial denitrification, with acetate as bCOD source (Du et al., 2016). As the 
new bCOD mixture also contained acetate, these bacteria might also have used this to partially 
denitrify. In the carrier, the phyla Chloroflexi (6.6%) and Chloribi (~8.2%) were dominant, with 
the genus Ignavibacterium (Chloribi) increasing in relative abundance with the new bCOD 




Sphingobacteriaceae) are commonly associated with more autotrophic PN/A systems, 
potentially forming a core microbiome of PN/A reactors (Lawson et al., 2017). It is suggested 
that they potentially thrive on more internal carbon recycling mechanisms, i.e. degeneration of 
extracellular peptides while reducing nitrate to nitrite to fuel anammox (Agrawal et al., 2017; 
Lawson et al., 2017; Speth et al., 2016).  
The bCOD mixture of acetate, yeast extract and starch increased the autotrophic 
community’s relative abundance. On day 256, the bCOD (~40 mg bCOD L-1) was changed 
from glucose to the above described mixture (~80 mg bCOD L-1) to enhance floc formation 
and growth. The expectancy was that the higher bCOD load would lead to an increased growth 
of heterotrophs, and thus lower relative abundances of the autotrophic N-community. Yet, the 
autotrophic N-community relative abundance almost tripled in both flocs and carriers (Figure 
5.2, Panel 3, day 256  312). From reactor operation, no clear changes could have influenced 
this change, as the floc concentration stabilized around ~0.5 g VSS L-1 (Figure 5.1, Panel A) 
and AerSRTfloc remained constant (Figure 5.1, panel A), while the AnAOB, AerAOB, and NOB 
volumetric activities remained constant (Figure D.3, panel B). AnAOB and NOB showed the 
strongest increase in relative abundance. For some Brocadia species it is known that they can 
use acetate as electron donor to reduce nitrate, which might explain the increase in relative 
abundance (Kartal et al., 2012). For NOB Nitrospira, outside of formate usage, there is to our 
knowledge not yet any mixotrophic growth reported (Koch et al., 2015). The increase in growth 
could thus be a consequence of certain auxotrophy and/or symbiosis and thus growth 
limitation when only glucose was fed. Because no batch activity test was executed at the end 
of the experiment, the higher relative abundance could not be correlated with an increase in 
sludge-specific activity, and further research will teach us if autotrophic growth/activity can be 
boosted by introducing the right satellite community/substrate. 
 
The different operational conditions in the reactor steered the microbial community. In Figure 
D.10, the community dynamics (β-diversity) NMDS plots show how the community changes 
over time due to the operational changes. Overall, the floccular community was much more 
impacted by the changes in reactor conditions than the carrier, which cluster more together. 
The most discriminating factor was the bCOD type, where the change from glucose (bCOD/N 
0.5-1) to a more complex bCOD mixture (bCOD/N = 2) led to a completely different community 
in both the flocs and the carrier (Figure 5.2 and Figure D.10). Furthermore, slight changes in 
aeration strategy and AerSRTfloc, also changed the community and/or diversity. Lower 
AerSRTfloc resulted in lower α-diversities in the floc (Figure D.10, Panel 2, diversity per 
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timepoint), which is a confirmation of a study of Meerburg et al. (2016), that showed that a 
high-rate activated sludge system had lower diversity than a low-rate activated sludge system 
(Meerburg et al., 2016). 
The diversity changes that impacted the whole community were also noticed in the 
autotrophic N-community (AnAOB, AerAOB, and NOB), with different AerAOB (OTU 98, 112 
and 143) and NOB (Nitrospira lineage I vs lineage II) abundant at different timepoints (Figure 
5.2, Panel 3 (NOB), and Figure 5.2, panel 4 (AerAOB)). For AerAOB, the aeration pattern, 
AerSRTfloc and bCOD type could have induce niche differentiation (Figure D.11 for a detailed 
overview). For NOB Nitrospira, it is not clear what conditions drove the community fluctuations 
between lineage I and II. Since it is known that the potential activity of lineage I is higher than 
lineage II, higher nitrite availability in the reactor might have favored lineage I over lineage II 
(Nowka et al., 2015). Oxygen limitation on the other hand is most likely not a discriminatory 
factor (Ushiki et al., 2017). Albeit, the microbial community underwent considerable changes, 
in which each player will have had its own set of kinetics, impacting the reactor performance 
and batch-test activities. Further work on which AerAOB or NOB to select for, considering the 
impact of real pretreated sewage, might lead towards optimal conditions that select the best 






Different aeration strategies, aerobic floccular sludge retention times (AerSRTfloc), loading 
rates and influent bCOD/N levels were tested on a mainstream IFAS partial nitration/anammox 
reactor at 26°C. The best performance was observed with a low but sufficient AerSRTfloc (~7d) 
and an aeration strategy that employed a continuous aeration based on two DO setpoints: 10 
minutes at 0.05 mg O2 L-1, and 5 minutes at 0.27 mg O2 L-1. Removal rates of 122±13 mg N 
L-1 d-1 and a nitrogen removal efficiency of 73±13% were obtained. Under these conditions, 
the floc acted as a nitrite source (rAerAOB/rNOB = 29:1), while the carrier was a nitrite sink 
(rAnAOB/rNOB = 1.5). 
For a successful nitrite source … 
• Maintaining a higher floccular sludge concentration (~0.5-1 g VSS L-1) allowed 
sufficient aerobic ammonium conversion, while keeping the AerSRTfloc sufficiently short 
(<7d) enabled higher floccular rAerAOB/rNOB. 
• Seeding from an industrial partial nitritation reactor did not lead to successful bio-
augmentation. Several AerAOB OTUs seeded did not grow in the reactor and were 
washed out. 
For a successful nitrite sink… 
• Lower DO setpoints (0.05 vs. 0.15 mg O2 L-1) and higher loading rates (150-200 vs. 60 
mg N L-1 d-1) resulted in higher carrier rAnAOB/rNOB, most likely due to diffusional 
limitations towards the biofilm. 
• The carrier biofilm thickness did not play a significant role. Visually preselected thick 
and thin biofilms had no significant difference in microbial community. 
A change in bCOD type from glucose (bCOD/N 0.5-1) to a mixture of starch (65%), acetate 
(20%) and yeast extract (15%) led to the following observations: 
• The autotrophic N-community relative abundance tripled in both the biofilm on carrier 
and floc. 
• An SBR-cycle monitoring revealed partial denitrification. Engaging this pathway could 
lead to more performant mainstream PN/A.   
A next step towards practical implementation is validation of the best working operational 
conditions on real pretreated sewage, including tests towards robustness in dynamics of 
bCOD and temperatures. The operational strategies highlighted within the source-sink 
framework can serve as a guideline for successful operation of mainstream PN/A reactors.  
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1 Major findings  
1.1 Introduction 
In this chapter, the major findings of the thesis (Figure 6.1) will be highlighted. Based on 
these findings and literature, a proposed design for mainstream partial 
nitritation/anammox, namely a one-stage plug-flow hybrid partial nitritation/anammox 
system with return-sludge inhibitory treatment for the flocs, will be discussed.  The 
ON/OFF - IN/OUT framework will be used as a ‘fil rouge’, with input from practical 
experience of a mainstream PN/A pilot named Upflow New Activated Sludge (UNAS). This 
pilot treated pretreated sewage from the C-stage in the STP of Breda, NL. The pilot was a 
collaboration between the university, the company Colsen b.v. and the Dutch waterboard 
Brabantse Delta, who operate the STP. The general discussion will continue with the 
impact of the thesis for modelling purposes, to end with a general conclusion. 
 
Figure 6.1 Overview of the thesis chapters and how they relate to ON/OFF (i.e. 
stimulation/suppression desired/undesired bacteria) and IN/OUT (i.e. retention/removal of 
desired/undesired bacteria) control parameters, combined with the focus on mechanistic insights 
or operational strategies.  
1.2 Major findings 
Chapter 2: High-resolution mapping and modeling of anammox recovery from 
recurrent oxygen exposure 
AnAOB inhibition by oxygen was previously underestimated. High-resolution kinetics 
(Δt = 10min) were measured based on on-line ammonium measurements and a tailor-
made Python data-pipeline. AnAOB showed an initial recovery after oxygen inhibition 
lower than pre-exposure rates, with subsequent gradual recovery towards steady-state. 
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The experimental data did not fit well with a conventional ‘instant recovery’ Monod-type 
inhibition model. These results indicate that recovery of AnAOB after oxygen exposure 
was previously overlooked. It is recommended to account for this effect in the 
intensification of partial nitritation/anammox. 
 
Chapter 3:  Pinpointing wastewater and process parameters controlling the AOB to 
NOB activity ratio in sewage treatment plants 
The nitrifier kinetics of two sewage treatment plants, Blue Plains, US and Nieuwveer, 
NL were followed up over time, and showed an opposite rAerAOB/rNOB activity ratio (0.6 
vs.1.6). The impact of different controllable and uncontrollable wastewater parameters on 
the rAOB/rNOB was checked. For this, a new ‘add-on mechanistic’ model was used to 
separately evaluate the effects of temperature from other wastewater parameters (NO2-, 
NH4+, P, inorganic carbon, pH). The results showed that Nieuwveer was limited by the 
loading rate of the STP, and not by other wastewater parameters (P, inorganic carbon). 
Blue Plains AerAOB were limited in inorganic carbon, and increasing levels to ~3mM C 
would increase the rAerAOB/rNOB ratio from 0.6 to levels above 1. This shows that 
inorganic carbon (=alkalinity) is an important wastewater parameter to monitor for future 
mainstream PN/A plants. 
 
Chapter 4: Synergistic exposure of return sludge to anaerobic starvation, sulfide 
and free ammonia to suppress nitrite oxidizing bacteria 
In this chapter, a novel return-sludge treatment for NOB-suppression was developed to 
boost the AerAOB/NOB ratio in the floccular sludge in hybrid PN/A reactors. Different 
combinations of stress factors; sulfide (0-600 mg S L-1), anaerobic starvation (0-8d), and 
a free ammonia (FA) shock (30 mg FA-N L-1 for 1h) were tested for immediate stress 
response and long-term recovery. The best combination was 150 mg S L-1, 2d anaerobic 
starvation and a FA-shock. Despite no positive change was observed in the immediate-
stress response, AerAOB recovered much faster than NOB, with a nitrite accumulation 
ratio (effluent nitrite on nitrite + nitrate) peak of 50% after 12 days. Studying long-term 
recovery may therefore be crucial for design of an optimal NOB-suppression treatment, 
while applying combined stressors regularly may lead towards an implementable NOB-
suppression treatment. 
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Chapter 5: Enabling partial nitritation/anammox on pre-treated sewage with IFAS: 
aeration and floc SRT control strategies limit nitrate production. 
In this chapter, a hybrid partial nitritation/anammox reactor, with flocs and biofilm on 
carriers was operated at 26°C. Different floccular aerobic sludge retention times 
(AerSRTfloc), aeration strategies, and N-loading rates were tested to define optimal 
operational strategies. The best performance was observed with a low but sufficient 
AerSRTfloc (~7d), and an aeration strategy that employed continuous aeration based on 
two DO setpoints: 10 minutes at 0.05 mg O2 L-1, and 5 minutes at 0.27 mg O2 L-1. Removal 
rates of 122±23 mg N L-1 d-1 and a nitrogen removal efficiency of 73±13% were obtained. 
Under these conditions, the floc acted as a nitrite source (AerAOB/NOB activity ratio = 
29:1), while the carrier was a nitrite sink (AnAOB/NOB activity ratio = 1.5). For a successful 
nitrite source, maintaining a higher floccular sludge concentration (~0.5-1 g VSS L-1) 
allowed for sufficient aerobic ammonium conversion, while keeping the AerSRTfloc 
sufficiently short (<7d) enabled higher floccular AerAOB/NOB activity ratios. For the carrier 
as nitrite sink, lower DO setpoints (0.05 vs. 0.15 mg O2 L-1) and higher loading rates (150-
200 vs. 60 mg N L-1 d-1) resulted in higher AnAOB/NOB activity ratios, while the carrier 
biofilm thickness might not play a significant role. The operational strategies highlighted 
within the source-sink framework can serve as a guideline for successful operation of 




2 Proposed design for a mainstream partial 
nitritation/anammox reactor 
2.1 One- or two-stage systems? 
Based on our experience and literature, different reactor designs can be chosen to 
implement mainstream PN/A. One option might be a two-staged approach rather than a 
one-stage reactor, with partial nitritation and anammox as separate processes. Following 
advantages and disadvantages for two-stage systems can be brought forward: 
Advantages 
• Two-stage systems can operate at higher rates at low temperatures of 10-15°C, 
with reported loading rates up to 800 mg N L-1 d-1 (Poot et al., 2016) for nitritation 
and removal rates of 340-1250 mg TN L-1 d-1 for anammox (Lotti et al., 2014), 
factors higher as reported one-stage mainstream PN/A removal rates, < 100 mg N 
L-1 d-1 (Laureni et al., 2016). This rate increase might counteract on the higher 
capital expenditures involved with installing two reactors. 
• Separation of processes might optimize process conditions for stable nitritation, 
without making conflicting choices on for example DO setpoints and sludge 
retention times. For example, AnAOB inhibition by oxygen should be avoided, so 
preferentially low DO setpoints (<0.2 mg O2 L-1) should be applied. On the other 
hand, high DO setpoints (>1.5 mg O2 L-1) were required for higher activities of 
AerAOB compared to NOB Nitrospira (Wett et al., 2009; Regmi et al., 2014). 
Another conflict is the required long SRT for AnAOB (>100d in winter) (Lotti et al., 
2014; Laureni et al., 2015) compared to the shorter floccular SRT of AerAOB to 
wash-out NOB (Chapter 5). Biofilm or granule/floc separation in hybrid reactors 
therefore requires more advanced operational strategies. 
• No aerobic biofilm layer will grow in a completely anoxic AnAOB stage, avoiding 
NOB competing for nitrite in the biofilm.  
Disadvantages 
• Increasing nitrite concentrations in a single stage PN/A will give rise to N2O 
emissions. Recently measured N2O-emission factors were ~6% (Wang et al., 
2016b), and 4-5% (Poot et al., 2016) at higher nitrite concentrations of 26 and 16 
mg N L-1, respectively. This was higher than the proposed 0.7-1% N2O emission 
factor limit for sustainable sewage treatment proposed by Besson et al. (2017).  
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• Theoretically, a minimum nitrite accumulation ratio of 84% must be achieved when 
treating a wastewater of 50 mg N L-1, aiming to just reach discharge limits of 10 mg 
N L-1 with anammox as post-treatment. This was already achieved by Wang et al. 
(2016a & 2017) with return-sludge FA/FNA inhibitory treatment, or Isanta et al. 
(2015) in a granular reactor at high residual ammonium levels of 32 mg N L-1, but 
not yet by granular nitritational systems working at lower residual N-concentrations 
(Poot et al., 2016). Especially the competition with NOB Nitrobacter needs further 
attention, as it is well adapted to higher nitrite concentrations, and more resistant 
towards FA/FNA inhibition (Blackburne et al., 2007). 
• Aerobic COD loss. If the partial nitritation operates completely aerobic, all bCOD 
coming from the C-stage is oxidized aerobically, increasing the energy demand of 
the STP, while less bCOD can be attributed to increase N-removal efficiencies. 
This can potentially be avoided by introducing recirculation and a floccular pre-
denitrification or pre-denitritation stage. The organic carbon load to the N-stage will 
then be limited, with beneficially outcomes as further discussed in Section 3.1.2. 
2.2 Proposed design of a one-stage mainstream PN/A reactor 
Compared to one-stage systems, the complexity of the suppression strategy of two-stage 
systems is the same. Both ON/OFF control (e.g., residual ammonium and/or return-sludge 
inhibitory treatment, …) and IN/OUT control (e.g. short AerSRTfloc) are necessary. 
Potentially higher N2O emissions with higher reactor NO2- concentrations (~30 mg NO2--N 
L-1), favor the choice towards a one-stage PN/A. Therefore, the proposed design (Figure 
6.2) is a one-stage plug-flow hybrid partial nitritation/anammox system with return-
sludge inhibitory treatment for the flocs.  In Figure 6.2, the different controlling aspects 
of ON/OFF and IN/OUT control are highlighted for each main thesis chapter. The return-
sludge inhibitory treatment will consist of the proposed combination of sulfide, 2d 
anaerobic starvation and FA-shock, since this was the most promising combination 




Figure 6.2 Proposed design of a two-stage sewage treatment plant of the future, elaborated on 
the N-stage. The N-stage is a one-stage plug-flow hybrid partial nitritation/anammox system with 
return-sludge inhibitory treatment for the flocs. Different ON/OFF and IN/OUT control locations are 
highlighted on the graph, as well as the scope for each main thesis chapter. 
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3 Microbial resource management of the proposed N-
stage 
Dynamic characteristics of municipal wastewater (regarding composition, quantity, pH, 
temperature) make mainstream PN/A processes an ‘open bioprocess’ with high 
complexity. In the end, a working PN/A process needs to be predictable, i.e. its output 
needs to be controllable, including this dynamic variation. Despite significant research, 
focused on (1) reactor engineering; (2) PN/A microbial communities; (3) and modelling to 
understand the process, more mechanistic insights are needed to unravel the whole 
complexity of mainstream PN/A. A mechanistic framework shown in Figure 6.3 is 
suggested as a tool to summarize knowledge readiness levels of different parameters 
belonging to various aspects: engineering (operation and design), microbial communities, 
and process modelling. Finally, process succes will be based on empiricism (empirical 
observations) where possible, rationalism (mechanistic insights) where needed. Within 
this framework, various parts of the proposed N-stage will be discussed.  
3.1 Wastewater parameters 
Incoming sewage has location dependent wastewater parameters, with pollutant levels of 
incoming bCOD, N, P and physicochemical parameters like temperature and alkalinity that 
can vary on an hourly to daily to yearly basis. Most of these factors are uncontrollable, i.e. 
temperature, inorganic carbon, and dynamic variations, while others are more controllable, 
i.e. phosphate concentrations and the N-loading rate. Coping with these variations allows 
robust sewage treatment. The impact of some of these parameters on AerAOB and NOB 
were studied in Chapter 3, and its impact on the proposed N-stage will be discussed 
below. 
3.1.1 Uncontrollable factors (ON/OFF) 
The major uncontrollable factors impacting PN/A are temperature and alkalinity (= 
inorganic carbon). Higher temperatures favor AerAOB and AnAOB over NOB due to their 
higher Arrhenius temperature sensitivity coefficients (θAerAOB and θAnAOB ~1.1 > θNOB = 1.06) 
(Chapter 3; Lotti et al., 2015a), but wastewater fluxes are too high to heat incoming 
sewage. The same holds for inorganic carbon (=alkalinity). Some of planets largest 
advanced wastewater treatment facilities lacked alkalinity: effluent Blue Plains, US, 75±9 





Figure 6.3. Methodological framework presenting knowledge readiness levels of different parameters related to (1) Process engineering; (2) microbiome; and (3) modelling aspects. The 
framework links uncontrollable with controllable parameters for reactor design/operation and suggests the integration of physiological data for individual microorganisms into an eco-physiological 
model covering the whole community. Furthermore, it illustrates how comprehensive modelling at different levels of the process can help consolidate this information in a more mechanistical 
approach. The arrows indicate the flow of information from one aspect to the other. Color of the bubbles define the extent of knowledge gained in last 20 years, which can be used for prediction 
and implementation of low-temperature mainstream PN/A process. The white bubbles signify that there are some unknown parameters, which also require attention in future. The colour of the 
ring in the microbiome aspect present our current opinion on different microbial groups (i.e. aerobic ammonium oxidizing bacteria, AerAOB; anaerobic ammonium oxidizing bacteria, AnAOB; nitrite 
oxidizing bacteria, NOB; aerobic heterotrophic bacteria, HBAer; nitrite and nitrate reducing heterotrophic bacteria, HBNOX-, other heterotrophic bacteria, HBX) which are present within the PN/A 
microbial communities, whether the individual groups contribute to the successful operation of the PN/A  process or not.  
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Correcting these alkalinity values to non-limiting levels for a scale of Blue Plains would 
result in an operational cost of about 15 million euro per year1, which is economically 
unfeasible. Furthermore, in some nitrite short-cut studies on real wastewater that lacked 
alkalinity, the impact was not questioned as such (Regmi et al., 2014, Malovanny et al., 
2015). Yet, these variations could have impacted their AerAOB activity. This was also 
confirmed in one of our short-cut nitrogen pilot-scale trials (UNAS pilot). At a certain 
moment, influent ammonium dosage was switched from ammonium sulfate to urea. This 
lifted the pH from 6.5 to 6.8, while ammonium conversion increased from 80 to 100%, 
indicating the importance of sufficient inorganic carbon. It is therefore advised to 
incorporate monitoring of inorganic carbon levels in mainstream PN/A studies, while 
modelling the effect can teach us more of the long-term impact (Al-Omari et al., 2015). 
3.1.2 Controllable factors (ON/OFF + IN/OUT) 
The N-loading rate, organic carbon to nitrogen ratio (influent bCOD/N), and phosphorus 
concentration are three wastewater parameters that can be controlled, which will be 
discussed below.  
• N-loading rate 
The N-loading rate can be controlled by reactor design (e.g. volume tank). Increasing the 
nitrogen loading rate appeared to enhance NOB-suppression in our hybrid IFAS reactor 
(Chapter 5) due to oxygen mass transfer limitations to the carrier. Further optimization of 
the N-loading rate in hybrid reactors requires further research to enable maximum NOB-
suppression, while better understanding can be achieved with modeling hybrid PN/A 
systems (Hubaux et al., 2015; Laureni et al., 2017). 
• Influent bCOD/N 
The influent bCOD/N is dependent on a well operating C-stage. High-rate contact 
stabilization appeared to be the most successful technology so far (Meerburg et al., 2016), 
yet further optimization is necessary to deliver a stable effluent quality to the N-stage. To 
counteract on C-stage disturbances, a pre-denitrification/denitritation stage can be 
installed prior to the N-stage. This can avoid protozoa blooms on biofilms (i.e. granules) in 
case of organic carbon peaks (Lotti et al., 2015b), avoid AnAOB inhibition by (organic) 
carbon compounds present in sewage (Laureni et al., 2015), and reduce competition for 
space with heterotrophs in biofilms (Chapter 5). 
  
                                               




• Phosphorus  
Phosphorus concentrations in the wastewater are almost always sufficient for growth of 
nitrifiers, and even very limited concentrations in the case of Blue Plains STP (average 
0.04±0.04 mg P L-1) did not result in a detectable limitation for AerAOB and NOB (Chapter 
3). The location of chemical P-removal can thus either be at the end of the N- or C-stage, 
where the precipitated phosphorus can be discarded with the sludge to the digester. To 
limit sulfide-loss by its reaction with phosphate crystals in the return-sludge treatment of 
the N-stage (Chapter 4), chemical phosphorus removal is best located in the C-stage. 
Furthermore, dosing in the C-stage might lead to better flocculation of the high-rate sludge, 
which is still a challenge for robust C-stage operation (Meerburg et al., 2016). Dosage 
optimization could be implemented to achieve cost savings for both sulfide (return-sludge 
treatment) and metal- precipitate dosing. This can be done by e.g., creating optimal mixing 
conditions and hydraulic retention times, online monitoring of phosphorus concentrations 
in the mixed liquor, and proper choice of precipitant, e.g., use of Fe3+ rather than Fe2+ to 
avoid loss of unoxidized Fe2+ to the N-stage. 
3.2 Operational parameters 
3.2.1 Aeration/substrate pattern (ON/OFF) 
The hybrid PN/A will be a plug-flow reactor were the residual ammonium profile will 
decrease from the inlet of the plug-flow reactor towards the end. Performance can be 
optimized by tweaking the residual ammonium setpoint in the last section of the reactor. 
Two options for aeration control, of which it is unclear what is the best solution, can be 
applied: 
• A continuous low DO setpoint that changes from higher values of 0.2 mg O2 L-1 to 
lower values <0.05 mg O2 L-1 at the end of the plug flow reactor, in accordance with 
the residual ammonium profile. In this way AnAOB inhibition by oxygen can be 
avoided in the biofilm (Chapter 2; Chapter 5). Since a two-point continuous DO 
strategy gave better results in the IFAS study, this DO-strategy can also be applied 
in the different zones (Chapter 5). Placing ammonium probes in different sections 
of the plug-flow reactor can adjust for over-aeration in case of load changes due to 
rainfall or daily fluctuations. 
• An intermittent aeration pattern with high DO setpoint to maximize activity of 
AerAOB (Regmi et al., 2014; Wett et al., 2013), and which balances an optimal 
time between aerobic and anoxic zones. This enables AnAOB to recover maximally 
after oxygen inhibition (Chapter 2), and complete consumption of the produced 
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nitrite from the prior aerobic phase. In this case, the nitritational lag, where NOB 
Nitrospira lagged activity (enzymatically?) longer than AerAOB after minimum 15-
20 minutes of anoxic time can also be exploited (Kornaros et al., 2010; Gilbert et 
al. 2014). To avoid oxygen inhibition, the reactor compartmentalization can also be 
made so that the biofilms cannot move in to the aerobic zones, i.e. by placing grids 
to withhold the carriers, or placing biofilms on a fixed support material in the reactor 
(Yang et al., 2017). For granular/floccular systems, this separation does not seem 
practically feasible. Similar as in the first control strategy, some aerobic zones can 
be used as swing zones to cope with rainfall or daily load fluctuations.  
Since oxygen inhibition on AnAOB can have great impact on the reactor performance and 
growth rate of AnAOB (Chapter 2), further research on how AnAOB cope with oxygen 
stress can improve reactor operation. One of the striking results was that AnAOB did not 
completely recover (~95%) when exposed to lower DO-concentrations (< 0.2 mg O2 L-1).  
In this case, one might favor the intermittent aeration pattern with higher DO setpoints, 
rather than the low continuous DO setpoint. Further confirmation of the obtained results, 
and questions regarding adaptation or niche-differentiation of AnAOB towards repeated 
oxidative or nitrosative stress conditions are still open (Dalsgaard et al., 2014). 
Furthermore, aggregation state and the side-community should be studied if they have, 
aside from scavenging oxygen to create anoxic niches in biofilms or flocs, other important 
ecological functions. For example, recent research showed symbiotic growth of the 
functional catalase lacking Nitrosphaera Gargensis (AOA) with a heterotroph that 
scavenged H2O2 while being fed with formate (Daims et al., 2017). Similar symbiotic 
growth mechanisms might be apparent for AnAOB.  
Another critical point of attention when comparing different aeration strategies are N2O 
emissions. Continuous one-point or two-point aeration, or intermittent aeration can stress 
denitrifiers, resulting in unwanted N2O emissions (Peng et al., 2017). Higher nitrite 
concentrations induce N2O emissions for AerAOB. In the context of mainstream PN/A, it 
is however unlikely to have high nitrite concentrations (Chapter 5). As N2O emissions 
comprise a significant part of the carbon footprint, minimizing them with an optimized 
aeration strategy is a crucial factor for a true sustainable STP (Besson et al., 2017). 
3.2.2  Return-sludge inhibitory treatment (ON/OFF) 
A return-sludge treatment can contact a part of floccular sludge to enhance the floccular 
AerAOB/NOB activity ratio with inhibitory substances that are (partially) present in a STP. 
This inhibitory treatment should not be applied on the AnAOB, since free ammonia (FA), 
free nitrous acid (FNA) and sulfide have been known to have toxic effects (Oshiki et al., 
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2015). FA, present in the filtrate from a digester, and FNA, produced from a nitritational 
reactor on this filtrate, are two inhibitory substances that showed promising results as a 
return-sludge treatment (Wang et al., 2016a & 2017; Piculell et al., 2016). In Chapter 4, a 
return-sludge treatment, with 2d anaerobic starvation with addition of 150 mg S L-1 sulfide 
(which is added to the sludge, but partially can be produced during anaerobic starvation), 
and which is finalized with a short FA-shock (30 mg FA-N L-1 for 1h), was proposed. 
Dependent on the production of filtrate, typically ~15-20% of the N-load of the STP, a 
certain contact frequency can be achieved. A short analysis for the STP of Nieuwveer, 
Breda, NL (Figure 6.4), can teach us the maximal applicable frequencies and 
concentrations. The major controlling factors that determine the final FA and FNA 
concentrations are (1) the volume of filtrate used over volume of thickened sludge, (2) the 
temperature, pH and nitrogen concentrations (NO2- and NH4+) obtained by mixing the two 
streams, and (3) the thickening factor of the sludge (= factor to reach 10 g VSS L-1 by 
gravitational thickening in a settler).  
 
Figure 6.4 A.) Simulated concentrations of free ammonia (FA) and free nitrous acid (FNA) in 
return-sludge inhibitory treatment in function of the volume of filtrate / volume of thickened sludge. 
B.) Dependent on the sludge thickening factor, less filtrate was needed for each contact, leading 
towards higher contact frequencies. Red line: the current sludge thickening factor in the settler with 
a concentration of N-stage sludge = 3 g TSS L-1. Numbers STP Nieuwveer, NL: return-sludge flow 
rate: 23,534 m3 d-1; thickened sludge concentration = 10 g VSS L-1; filtrate production = 419 m3 d-1; 
NH4+-N concentration filtrate = 1033 mg N L-1; temperature filtrate = 33°C; pH filtrate = 8.12; FNA-
reactor: 350 mg NO2--N L-1; pH = 6) 
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With a volumetric filtrate over thickened sludge ratio of 0.8, maximum obtainable 
concentrations without pH control for FA/FNA are in the range of 24-41 mg FA-N L-1 and 
0.7-0.9 mg FNA-N L-1 for a wastewater temperature range of 10-25 °C (Figure 6.4). The 
potential contact frequency varied, dependent on the thickening of the sludge. For the 
highest volume of filtrate over thickened sludge ratio of 0.8, the contact frequency was a 
realistic value between 5 and 14 days for the FA-shock and 1.5 - 5 days for the FNA shock. 
These are thus the boundaries for NOB-control in the floccular fraction, and should be the 
frequencies sufficient to maintain a NOB-suppressed sludge. The used (A) concentrations 
i.e. 210 mg FA-N L-1 and 1.38 mg FNA L-1, and (B) frequencies i.e. 1 in 3 days for FA and 
1 in 4-8 days for FNA, applied by Wang et al. (2016 & 2017) were therefore not always 
feasible. Further optimization might lead to workable situations.  
For our sludge treatment, a frequency of 1 in 12 days was proposed with a FA-shock 
of 30 mg FA-N L-1. Even in winter conditions (10°C), this FA-shock would be reached, with 
about 100% of the filtrate used when the sludge concentration and thickening factor of 
Breda was applied. Further optimization of the treatment sub-steps might lead to reduced 
exposure frequencies. The optimization of these sub-steps should be related to each other 
to find the optimal set of parameters: 
• Sulfide dosage. The optimal concentration of sulfide dose, which should be 
calculated in g S gVSS-1 Chapter 4), can be determined. The influence of the 
sulfide speciation by pH i.e.  H2S, HS-, S2- or other sulfur species like sulfite, which 
are known to be toxic for nitrifiers, can be explored (Labeda & Alexander, 1978). 
• Conditions during anaerobic starvation might impact AerAOB recovery, as found 
in Chapter 4. Some chemicals formed during anaerobic starvation, like residual 
ammonium or methane might stabilize ammonia oxidizers AMO enzymes. Other 
effects like biomass density and aggregate state, with AerAOB in sand-biofilms 
recovering faster than single-cells after ammonia starvation (Batchelor et al., 
2012), as well as niche-differentiation (Bollman et al., 2002) are interesting points 
for further study.  
• The conditions of the FA-shock (concentration x time) can be optimized in 
combination with the previous treatment steps. Alternatively, an FNA-shock can be 
explored. This can result in higher frequency of treatment, and potential excess of 
the produced nitrite (from an on-site nitritational reactor) can be fed to an anoxic 





Repeated exposure might lead to … 
• Complete suppression of NOB in the floc, as required for a stable hybrid PN/A 
(Chapter 5). Therefore, the necessary initial contact frequency for complete 
suppression might be higher, yet lower on the long-term because other selective 
factors like aeration strategy and floccular SRT-control might limit NOB-growth. 
This could also avoid microbial adaptation to the stress conditions, since the stress 
is not perceived regularly. A control loop dependent on online nitrate 
measurements can regulate the contact-frequency. 
• Microbial adaptation. Nitrospira are known to be more sensitive than Nitrobacter 
for FA/FNA (Blackburne et al., 2007). The sensitivity for Ca. Nitrotoga is however 
unknown. Sensitivity and adaptation towards sulfide stress is also unknown, 
although for some NOB, i.e for Nitrosococcus, adaptation towards higher sulfide 
levels was reported (Füssel, 2013), or genes for sulfur oxidation were found in 
Nitrobacter Hamburgenis (Starkenburg et al., 2008). The results in Chapter 4 
suggested that Ca. Nitrotoga might be more resistant towards anaerobic sulfide 
exposure. Similarly, this niche-differentiation could exist for different AerAOB 
Nitrosomonas species, yet not much is known about this.  
3.2.3 Floc and biofilm morphology (ON/OFF + IN/OUT) 
In our hybrid reactor, flocs and biofilms will be together in the mixed liquor. One important 
aspect of sludge is morphology. Control of sludge morphology can be interesting to 
maximize performance of mainstream PN/A: 
For flocs, very small flocs (<100 µm) might allow easy separation based on size with 
granular biomass (> 200 µm), and less mass transfer effects for oxygen can increase rates 
in the reactor (Manser et al., 2005). On the other hand, larger and denser flocs might allow 
better settling, thickening and separation from the wastewater. This better thickening can 
also increase the contact frequency of the return-sludge inhibitory treatment (See above 
in Section 3.2.2).   
For biofilms, the biofilm thickness can be important and controlled by carrier geometry, 
i.e. z-carrier by Anoxkaldness. In Chapter 5, in the hybrid PN/A there was no significant 
difference on AnAOB/NOB relative abundance ratio for thick or thin biofilms on the K1 
carriers. For reactor operation, this is of great interest, since no further selection has to be 
made for thicker biofilms. But literature contradicts these results, with reports that in thicker 
biofilms under sidestream conditions, the AnAOB/NOB potential activity and abundance 
ratio increased (Vlaeminck et al., 2010; Nielsen et al., 2005). This was also validated in 
the UNAS pilot (Figure 6.5), where the largest granule fraction (> 450 µm) of the 
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sidestream PN/A inoculum, as well as when operated under 3 months of mainstream 
conditions, showed the highest AnAOB/NOB potential activity ratio. Furthermore, Gilbert 
et al. (2015) and Wells et al. (2016) reported that under mainstream reactor operation, 
thicker biofilms were more robust towards temperature variations. More research is 
necessary to understand these effects better, and see if thick or thin biofilms can be used 
as a controlling factor for reactor operation. 
 
Figure 6.5 AnAOB/NOB potential activity ratio based on nitrite consumption, measured in two 
granular fractions. Two process conditions were compared: a sidestream PN/A process, and after 
3-months of mainstream PN/A conditions in the UNAS-pilot.  
3.2.4 Floc SRT control (ON/OFF + IN/OUT) 
In Chapter 5, it was deducted that when NOB were mostly suppressed in the IFAS PN/A, 
the flocs acted as the nitrite source, while the carrier acted as the nitrite sink. Control of 
AerSRTfloc was therefore one of the crucial parameters to achieve to suppress NOB. In 
practice, mainstream PN/A has to cope with daily variations in wastewater parameters, as 
well as with other applied control mechanisms. Thus far, literature regards the AerSRTfloc 
as the aerated sludge retention time. This parameter does not include any other aspects 
that influence growth, which makes it difficult to compare values. In the context of our N-
stage, following parameters could be considered to calculate an optimal AerSRTfloc at each 
set of operational conditions: 
• Temperature ~ Arrhenius equation (Chapter 3) 
• Inorganic carbon levels ~ sigmoidal activity model equation (Chapter 3) 
• Recovery after return-sludge treatment (Chapter 4) 
• Oxygen setpoint ~ Monod equation (Chapter 5) 
• Aeration duration ~ fraction (Chapter 5) 
• Total SRT ~ add biomass growth and decay  
Considering all these values, can result in optimal waste control of the flocs to ensure 
stable & robust mainstream PN/A.  
149 
 
3.2.5 Biofilm/floc separation (IN/OUT) 
In a hybrid reactor, flocs need to be separated from biofilms on a carrier or a granule. In 
case of a biofilm on carrier/floc mixed liquor, this separation is straightforward, with a large 
mesh withholding the carriers in the reactor. Granule/floc mixed liquors are however more 
difficult to separate. Over the last four years, a pilot reactor named Upflow New Activated 
Sludge (UNAS), treated aerobically pretreated sewage from the C-stage in the STP of 
Breda, NL. Over that period, different sludge retention and separation technologies were 
evaluated for a granule/floc mixed liquor (Figure 6.6).  
The pilot reactor operation started with in-reactor separation methods, by opposing 
different settling regimes at the end of each sequencing batch reactor (SBR)-cycle. 
Formation of large, dense and very well settling flocs, together with aerobic granulation 
resulted in a sludge with a particle size of on average Ø4,3 = 506 µm. Yet, differential SRT 
for the larger and smaller fractions was not achieved, with about 40% of the larger particles 
>200 µm in the effluent. A better separation efficiency was achieved by placing a floating 
discharge on top of the reactor with a sieve of 200 µm to retain granular particles in the 
reactor, while still operating with the SBR-settling regime. Still TSS concentrations in the 
effluent were too high ~ on avg. 23 mg TSS L-1, and 13% of the particles were larger 
aggregates > 450 µm, leading to substantial loss of AnAOB. To counteract on these 
losses, the decision was made to shift towards a continuous system with a lamella 
separator.  Here the operation with higher influent bCOD (~232 mg O2 L-1) and TSS (~90 
mg L-1) still resulted in significant loss of ~17% of the larger aggregates > 200 µm in the 
effluent. Yet, operation at lower influent bCOD (81 mg L-1) and TSS (23 mg L-1) allowed 
more stable operation and almost no sludge washout with an effluent TSS of on average 
6 mg TSS L-1. This enabled us to focus on the comparison of different selective wasting 
techniques like a drum sieve, up-flow separator and vibrating sieve. Overall, all selective 
waste techniques achieved a highly selective retention of larger aggregates, with <1% of 
the large fractions in the permeate. The up-flow separator might be difficult to operate in 
practice, and the permeate concentrations are too low for practical operation. The drum 
sieve is a practical solution, but optimization is needed to reduce leaking losses due to 
drum rotation. The vibrating sieve seems the most promising solution, yet long-term impact 
of the increased shear on AnAOB granule integrity during filtration remains an open 
question. The efficiencies obtained so far, were better than the ones reported by Han et 
al. (2016). They observed 25% of the large fraction (settling velocity > 1.5 m h-1) in the 
permeate, which is higher than <1% we achieved. Comparing these results with the 
performance of a cyclone is difficult, since to my humble google skills, no results were so 






Figure 6.6 Different tested selection mechanisms to create a differential sludge retention time (SRT) between flocs and granules in the UNAS pilot. ? for 
cyclone means that there is no literature information present to date.
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4 Modelling mainstream PN/A 
Due to the high complexity of mainstream PN/A, from daily to seasonal variations in 
wastewater parameters, multiple IN/OUT and ON/OFF control strategies, microbial 
diversity and niche-differentiation, current models so far were unable to successfully 
describe mainstream PN/A. Empirical research is a great way to discover the impact of 
different strategies, but the high-level of complexity requires a more mechanical and 
modelled approach to unravel the ideal set of conditions that defines a blue-print for 
mainstream PN/A. For this we must come to a pragmatic level of mechanical 
understanding to describe mainstream PN/A, i.e. to what level of detail our models should 
be built to predict effluent levels, similar as the current state-of-art of activated sludge 
models. Some of the aspects discovered in this thesis may be taken into account: 
• Highly detailed kinetic modelling 
Stress factors like oxygen inhibition on AnAOB (Chapter 2), for which new ‘gradual-
recovery models’ need to be developed, and inorganic carbon limitation on AerAOB 
(Chapter 3), with the best description by the sigmoidal model, give an alternative to 
conventional Monod equations to describe these effects more accurately. Comparably, the 
effects of the recovery/inhibition of AerAOB and NOB after the proposed return-sludge 
inhibitory treatment (Chapter 4), and the nitritational lag on NOB (Kornaros et al., 2010) 
could be included.  
• Niche-differentiation and adaptive kinetic modelling 
All different stress factors in ON/OFF e.g.., temperature, inorganic carbon, aeration 
strategy, return-stream inhibition, etc. or IN/OUT e.g., sludge retention time, select for 
certain genera with each a distinct set of kinetics. Developing eco-physiological models 
that can predict the rise and fall of different genera might teach us to find a set of conditions 
where all NOB-genera (Nitrospira, Ca. Nitrotoga, Nitrobacter) are suppressed.  Efforts so 
far in multispecies biofilm models (Vannecke et al., 2015) show the possibility to include 
multiple genera in models, but not yet applied for mainstream PN/A. Another observation 
was the adaptability or selection of bacteria towards process parameters. For example, 
during pilot-operation, the oxygen kinetics of AerAOB and NOB were monitored over time 
(Figure 6.7). The reactor was operated at low oxygen concentrations (< 0.1 mg O2 L-1), 
and the previously described settling regime at the end of the SBR cycle was included to 
select for larger particles.  
 




Figure 6.7 Measured AerAOB and NOB A.) oxygen affinity constants (KO2) and B.) potential 
activities (rmax) during UNAS pilot operation in sequencing batch reactor (SBR)-mode, with a settling 
SBR-regime at the end of the cycle that selected for larger particles. 
The AerAOB and NOB potential sludge-specific activity (rmax) and oxygen affinity (KO2) were 
monitored over time with increasing particle size in the reactor. The measured apparent 
oxygen affinity constant of AerAOB and NOB did not follow the expected increase due to 
mass transfer effects in larger flocs and aggregates (Manser et al., 2005), which for 
AerAOB even potentially take place from the size of micro-colonies (~10µm) (Picioreanu 
et al. 2016). The microbial community thus adapted or changed due to different operational 
conditions. Similar community adaptation/change was also reported by Han et al., 2016, 
where the affinity constant of AerAOB increased when higher DO setpoints were applied. 
Vannecke et al. (2016) reported a different calibration as well for affinity constants for two 
operational phases of a granular nitrifying reactor to describe the reactor performance 
more accurately. Furthermore, in Chapter 3, 4 and 5, substantial changes in AerAOB and 
NOB communities were discovered, resulting in conflicting correlations between measured 
potential activities and abundances. Overall, dealing with this adaptation of community, 
and calibration towards different kinetics might lead to more accurate process models, and 
ultimate selection of the ‘best’ AerAOB and AnAOB. 
In conclusion, models (with or without statistics) are a powerful tool to predict or 
describe outcomes, on different scales, from microbial physiology (Chapter 2 & 3), 
towards hybrid process models, whole plant models, including effects of upscaling with 
computational fluid dynamics, life cycle analysis (LCA) and even life cycle cost analysis 
(LCCA) to support decision making. Some of the aspects that were explored in this thesis 
might be of interest for developing more accurate process models that can elucidate i.e., 
what are the optimal aeration strategies, sludge retention times, and return-sludge 





It has become clear that by simply evaluating reactor performances and assessing 
microbial community composition and its dynamics (mainly focusing on AerAOB, AnAOB, 
and NOB) our understanding about low-temperature mainstream PN/A will not improve. 
The methodological framework in Figure 6.3 suggested which parameters are less studied 
right now, and the link between various parameters. This thesis contributed with 
mechanistic understanding of oxygen inhibition on AnAOB (Chapter 2) and inorganic 
carbon limitations (Chapter 3) for AerAOB. Considering both factors might lead to further 
understanding on how to successfully operate mainstream PN/A. The framework also 
guides a way to connect data between various parameters, to assemble into one useful 
information. Therefore, the multi-parameter mechanistic approach is advocated. In this 
case, Chapter 3, 4 and 5 tried to relate operational conditions with microbial 
presence/abundances/activities to better understand the activity/growth response of the 
different microbial players, both on the autotrophic and heterotrophic side. Altogether, 
knowledge gained needs to be transferable to the practical purpose – despite continuous 
dynamics in municipal wastewater, the PN/A process should, i.e.  (1) meet effluent limits, 
and be (2) easy to manage – operator friendly, (3) overall cost-efficient, (4) and 
environment-friendly.  
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Supplemental information A (Chapter 2) 
Figure A.1 Typical biofilm composition at steady state (after 1000d). A standard biofilm model with 
AerAOB, NOB, heterotrophic bacteria (HB) and AnAOB was used (Lackner et.al, 2008). Influent 
composition: 50 mg NH4+-N L-1 and 100 mg L-1 slowly biodegradable COD. Biofilm thickness 250 µm 
(equivalent to a 500 µm granule). Temperature 20°C. Bulk dissolved oxygen concentration 0.2 mg O2 
L-1. Loading rate: 125 mg N L-1 d-1. 
 
Figure A.2 Impact of step-wise increase of O2 concentration on the granular aerobic fraction in the 
biofilm. Bulk liquid peak O2 concentration means an increase of the dissolved oxygen set-point for 
aeration in the bulk from 0.2 mg L-1 to the respective value of the x-axis. The biofilm composition did 
not change during the short-term simulation. 
 
 




Table A.3 Trace element solutions A and B. The trace element solution was added as 1 mL trace 
element solution on 1 L of feed. 
Solution A B 
 Concentration (g L-1) 
Na2EDTA•2H2O 19.11 9.62 
FeSO4•7H2O - 9.15 
ZNSO4•7H2O 0.43   
CoCl2•6 H2O 0.24   
MnCl2•4 H2O 0.99   
CuSO4•5 H2O  0.25   
Na2MoO4•2 H2O   0.22   
NiCl2•6 H2O 0.19   
Na2SeO4•10 H2O  0.21   
H3BO3 0.01   






Supplemental Information A.4 Data processing: from ammonium concentrations to removal 
rates 
Datasets of the separate experiments were analyzed using Python (PSF, Oregon, USA). 
Several functionalities were implemented to obtain a reproducible workflow, also 
conceptually explained in Figure A.5. 
(1) Reading of the data files. All data files present in a user defined folder were read. The 
operations described below were done on each of these files subsequently.  
(2) Removal of double ammonium values. It was noticed that the datasets often contained 
subsequently equal values, probably due to the high measurement frequency (every 3 
seconds) of the sensor. These data points increased the size of the data sets and therefore 
also the analysis time. In addition, they caused the algorithms described further on to fail 
in some cases. After visual confirmation (plotting before and after removal of the data 
points for some datasets) it was decided that these specific data points did not alter the 
further data analysis or conclusions and could thus be safely removed. 
(3) Measurement errors were removed by calculating the rate of ammonium consumption 
between all subsequent data points, and comparing these slopes with a defined cut-off 
value (1000 mg N L-1 d-1). A high value means that the signal changed very fast, possibly 
faster than is physically possible, and therefore, the data point was considered a 
measurement error. After the dropping of the second of the two data points, the slope 
between the first one and the ‘new’ following data point was calculated and the procedure 
continued. Both steps (2) and (3) were part of the 'filtering' in Figure A.5, from A to B. 
(4) Selection of the data to use (B to C in Figure A.5). Based on user defined minimum 
and maximum ammonium values that were different for each dataset, the data to calculate 
the ammonium consumption rate (and thus activity) was chosen. Additionally, this data 
was divided in smaller time frames (C to D in Figure A.5). In this case a Δt value of 10 
minutes was used. Within these time frames, the instantaneous slope of one data point to 
the next was calculated, and these slopes were averaged to end up with the average slope 
and standard deviation, i.e. within a certain time frame. The use of these time frames gave 
an additional level of detail in the calculation of activities throughout the experiment.  
Throughout each of the above steps, it was repeatedly checked whether the data set (and 
the parts of the dataset) contained enough data points (> 5) to proceed. All code written 








Figure A.5 Conceptual illustration of the online data processing. (A) Raw data, in this case 
measured every 3 seconds (B) data after applying the filter algorithms (C) Manual selection of the 
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 Figure A.7 Community composition at day 106 (final sample) 
Actinobacterîa 0.5% • 
Deinococcus-Thermus 0.05% • 
-- Acidobacteria 0.05% • 
Nitrospiraceae 0.04% • 
Nitrospinaceae 0.01 % • 
Methylacidiphilaceae 0.006% -





Table A.8 Overview of experiments executed at low DO (blue squares) and high DO (red triangles). Different experiments were executed in presence (filled) 
and in absence (empty) of nitrite during exposure. Table shows DO exposure concentrations (C), times (t) and integrated exposure (Cxt), together with measured 
kinetic response. Response curves of the days depicted in bold are shown in detail in Figure 2.4. 








    
Day n° 
Average 
(mg O2 L-1) 
Peak height 
(mg O2 L-1)  
(h) 
 




















38 (1/2) 0.12+-0.07 0.225 2.64 0.0144 66.4 6.6 0 
40 (2/2) 0.13+-0.06 0.225 2.59 0.0142 58.5 10.0 0 







67 (1/4) 0.06+-0.06 0.272 2.88 0.0073 77.4 4.2 8.97 
75 (2/4) 0.06+-0.04 0.193 2.64 0.0074 82.4 4.4 4.43 
81 (3/4) 0.12+-0.09 0.379 2.64 0.0124 80.6 5.2 4.18 












18 (1/1) 0.47+-0.21 0.755 8.71 0.1690 57.7 37.1 0 






 85 (1/4) 0.52+-0.26 0.746 3.29 0.0713 71.6 5.0 0 
98 (2/4) 0.35+-0.24 0.813 3.89 0.0558 69.3 6.5 0 
104 (3/4) 0.5+-0.24 0.783 4.08 0.0883 74.0 6.0 0 
106 (4/4) 0.50+-0.30 0.842 3.84 0.0879 80.3 4.6 0 
 
References 
Lackner S., Terada A. and Smets B.F. (2008) Heterotrophic activity compromises autotrophic nitrogen removal in membrane aerated biofilms: Results of a 
modeling study. Water Research 42(4-5), 1102-1112 
 








Supplemental information B (Chapter 3) 
 
Table B.1 Literature review on AerAOB and NOB oxygen and nitrogen affinity constants according to a Monod saturation model.  
AerAOB NOB 
KO2.AerAOB 
(mg O2 L-1) 
KO2.NOB 
(mg O2 L-1) 
KNH4 
(mg N L-1) 
KNO2 
(mg N L-1) 
Reference 
Nitrosomonas Nitrobacter 0.033 0.43   Blackburne et al., 2007 
Nitrosomonas Nitrobacter 0.04 0.7   Laanbroek and Gerards, 1994 
Nitrosomonas Nitrobacter 0.16 0.64   Hunik et al., 1994 
Nitrosomonas Nitrobacter 0.334 0.97   Rongsayamanont et al., 2010 
Nitrosomonas Nitrospira 0.18 0.13 0.13±0.05 0.14 Manser et al., 2005 
Nitrosomonas Nitrospira 0.79 0.47 0.17±0.06 0.28 Manser et al., 2005 
Nitrosomonas Nitrospira 1.16 0.16   Regmi et al., 2014 
Nitrosomonas Nitrospira 0.20 0.04   Sliekers et al., 2005 
Nitrosomonas Nitrospira  0.33  0.52 Park et al., 2017 
Nitrosomonas Nitrospira strain ND1  0.13  0.08 Ushiki et al., 2017 
Nitrosomonas Nitrospira japonica strain NJ1  0.08   0.14 Ushiki et al., 2017 
 Average 0.36±0.4 0.19±0.15 
 0.23±0.18  
 




Table B.2 All data used in the study where statistical analysis was performed on. Table includes process and wastewater parameters, microbial abundances 
and measured potential activities. SVI: Sludge volume index. SRT: Sludge retention time. HRT: Hydraulic retention time. 
   Abundances (16S rDNA g sludge-1) 
Rates 








 (mg N 
L-1) 
NO2- 






















1/08/2015 6.90E+08 2.49E+09 1.88E+08 6.52E+10 57.3 113.78 13.11 0.71 0 63 0 0.125 6.505 
2/18/2015 7.64E+08 2.96E+09 2.62E+08 8.43E+10 60.7 128.09 13.65 0.14 0 63 0 0.235 6.475 
3/17/2015 5.10E+08 1.55E+09 1.81E+08 8.79E+10 46.75 70.24 14.30 2.35 0.04 69 0 0.165 6.52 
4/14/2015 6.02E+08 2.29E+09 2.34E+08 8.19E+10 78.75 132.65 18.63 1.14 0 64.5 0 0.1 6.435 
4/28/2015 4.57E+08 1.94E+09 2.37E+08 7.13E+10 71.74 150.56 18.72 0 0 64.5 0.05 0.105 6.47 
6/09/2015 1.73E+08 8.48E+08 1.31E+08 2.35E+10 98.78 163.22 22.27 0 0 66.5 0.06 0.15 6.65 
7/01/2015 3.11E+08 1.66E+09 2.25E+08 4.78E+10 99.27 149.42 22.46 0.105 0 66.5 0.075 0.175 6.49 
8/19/2015 3.63E+08 1.93E+09 1.68E+08 3.46E+10 150.46 207.09 25.54 0.115 0 85.5 0.08 0.16 6.715 
8/24/2015 3.87E+08 1.92E+09 1.53E+08 3.27E+10 136.78 187.67 24.90 0.015 0 89 0.04 0.105 6.645 
10/15/2015 5.05E+08 2.29E+09 2.17E+08 4.20E+10 128.09 149.43 23.58 0.035 0 72.5 0.08 0.275 6.63 
11/12/2015 4.22E+08 2.10E+09 1.55E+08 3.08E+10 101.36 161.93 20.49 0.015 0 75 0 0.175 6.495 
12/17/2015 6.64E+08 2.38E+09 1.91E+08 3.85E+10 121.02 168.34 19.08 0.445 0 76 0.075 0.2 6.575 
1/07/2016 4.17E+08 1.55E+09 1.63E+08 2.92E+10 95.97 146.53 17.31 0 0 71.5 0 0.125 6.4 









8/01/2014 4.26E+08 1.39E+09 6.86E+07 7.05E+10 123.74 122.92 12.4 1 0.52  1.2   
15/01/2014 4.02E+08 1.60E+09 7.92E+07 7.39E+10 130.28 122.12 12.3 0.95 0.68  1.2   
13/02/2014 8.09E+08 1.74E+09 1.02E+08 4.87E+10 197.3 122.05 10.6 1.25 0.81  1.2   
4/03/2014 4.30E+08 1.79E+09 7.17E+07 6.16E+10 109.54 79.33 11.9 0.7 0.58  1.3   
20/03/2014 4.80E+08 1.57E+09 6.93E+07 5.86E+10 159.05 153.27 13.7 0.9 0.52  1.8   
10/04/2014 4.16E+08 1.13E+09 6.17E+07 1.38E+11 196.36 142.18 15 2 0.58  1.6   
24/04/2014 4.48E+08 1.34E+09 6.24E+07 6.62E+10 258.94 136 16.4 1.5 0.22  1.8   
8/05/2014 3.38E+08 1.09E+09 4.73E+07 5.20E+10 240.34 180.52 17.4 0.75 0.27  2.1   
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Table B.2 (continued) All data used in the study where statistical analysis was performed on. Table includes process and wastewater parameters, microbial 
abundances and measured potential activities. SVI: Sludge volume index. SRT: Sludge retention time. HRT: Hydraulic retention time. R.factor: Recirculation 
factor. 








 (mg N m3 d-1) 
SVI 
 (mL gVSS -1) 
Sludge concentration 











1/08/2015 0.40 31.94 72.72    
2/18/2015 0.40 51.81 83.85  2.93  
3/17/2015 0.35 29.28 78.35  4.69  
4/14/2015 0.30 20.20 106.30  3.36  
4/28/2015 0.37 23.45 93.71  3.09  
6/09/2015 0.31 27.54 87.07  3.04  
7/01/2015 0.27 21.22 87.26  2.78  
8/19/2015 0.41 66.71 74.91  2.13  
8/24/2015 0.38 28.60 78.71  2.48  
10/15/2015 0.42 51.43 122.64  2.75  
11/12/2015 0.40 6.47 104.00  2.48  
12/17/2015 0.34 8.99 100.55  2.61  
1/07/2016 0.41 21.75 91.25  2.23  









8/01/2014 0.1475 20.1 132.5 111 4.09 1.4 
15/01/2014 0.2115 24.5 112.5 108 3.74 1 
13/02/2014 0.1709 31.3 83.8 86 3.76 0.9 
4/03/2014 0.2061 29.9 89.0 97 3.90 1.3 
20/03/2014 0.1969 29.7 123.7 126 3.70 1 
10/04/2014 0.2058 27.5 117.2 137 3.30 0.3 
24/04/2014 0.2219 37.1 113.0 141 2.62 1.5 
8/05/2014 0.2085 37 112.4 140 3.15 1.3 




Supplemental Information B.3 Mathematical description and interpretation of the generalized 
linear model (glm) in R software. 
1. Estimate the effect of temperature 
To estimate the effect of temperature on the activity of AerAOB and NOB, the Arrhenius 
equation (eq. B.1) was linearized (eq. B.2).  This linearized model was then fitted to the data 
with a generalized linear model function in R language for statistical computing (Rstudio 
0.99.903, R Development Core Team 2015). 
r = rmax°
θ (eq. B.1) 
r = rmax°
exp   
ln r = ln rmax°
exp  ) 
lnr = lnrmax°
 + ln exp  
lnr = lnrmax°
 + T − 20ln θ 
lnr = Tlnθ − 20lnθ + lnrmax°
 (eq. B.2) 
lnr = Tlnθ + C  
With rT = measured rate at a certain temperature, rmax20°C = maximum achievable rate 
at 20 °C, T = temperature, θ = temperature coefficient 
R-code: fit1  glm (log(rT) ~ temperature) 
Interpretation 
The different fitted parameters can be interpreted as follows: 
θ = Literature values; θ, !"# = 1.10-1.12, θ,$"# = 1.06-1.07 (Wiesmann, 1994; 
Wyffels et al., 2004)  
rmax°
: This value depends on the enrichment of AerAOB and NOB the sludge 
rmax°
 of pure cultures: This can be compared with the qPCR corrected rates (e.g. 
mg N g-1 VSSAOB d-1) 
2. Estimate the impact of anabolic and catabolic limitations on rmax20°C: Monod 
saturation models for phosphate, residual nitrogen levels, and inorganic carbon  
To estimate the effect of substrate levels on the activity of the nitrifiers, a Monod saturation 
model was added to the Arrhenius temperature model, resulting in eq. B.3. 
 r,%&' = r ()()*+)& ∗ … ∗ . (/(/*+/0 (eq. B.3) 
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Linearized this results in: 
             ln1r,%&'2 = Tlnθ + 20lnθ + lnRmax°
 + a ln . ()()*+)0 ∗ … ∗ n ln  (/(/*+/ (eq. 
B.4) 
lnr  = Tlnθ + a ln 4 S6S6 + K68 + ⋯ + n ln 4 SS + K8 + C 
With S = substrate, K = saturation constant 
R-code: fit2  glm (log(rT) ~ Temperature + log(S1/(S1+K1)) +…+ log(Sn/(Sn+Kn))) 
Interpretation 
Estimation of a,…,n gives an idea on the substrate limitation, interpretation yields following 
information: 
1. If a,…,n = 1: substrate limitation was occurring and the measured range reflects 
operational conditions where substrate limitation can occur. Saturation constant used 
reflects reality. 
2. If a,…,n = 0: no substrate limitation was occurring, or no impact of substrate limitation 
was apparent in the measured range. Saturation constant was most likely lower in 
reality. 
3. If a,…,n << 0 or >> 1: unrealistic modelling of the data. 
 
3. Other kinetic models for inorganic carbon 
Aside from a standard Monod saturation model, different other mathematical models are used 
to describe the effect of inorganic carbon on AerAOB and NOB. 
3.1. Exponential pH model 
The effect of pH on the activity of nitrifiers is a lumped effect of inorganic carbon limitation, 
substrate availability (NH3, HNO2) and reduction of activity due to malfunctioning of cell 
machinery due to extreme pH. Between pH 5.2 and 7 the relation of pH and r can be described 
by the following equation (Henze, 2008) , modelling the combined effect of pH and IC limitation 
on the activity for full nitrification. 
r:; = rmax:;<.θ:;:;<. 
With rpH = rate at a certain pH, rmaxpH7.2 = maximum rate at pH 7.2, T = Temperature, θ:; = pH coefficient 
Linearized this gives: ln1r:;2 = pHln1θ:;2 − 7.2ln1θ:;2 + ln1rmax:;<.2 
In combination with eq. B.4 this gives the following equation: 





:;2 = Tlnθ + pHln1θ:;2 + a ln . ()()*+)0 + ⋯ + n ln . (/(/*+/0 + C (eq. B.5) 
 With     C = −20lnθ + lnrmax°
 − 7.2ln1θ:;2 + ln1rmax:;<.2 
R-code: fit3.1  glm (log(rT) ~ Temperature + pH + log(S1/(S1+K1)) +…+ 
log(Sn/(Sn+Kn))) 
Interpretation 
Interpretation of a,…, n occurs in the same way as before. 
Literature values: θ:; for nitrification: 2.35 (Henze et al., 2008) 
Estimation for rmax°
 and rmaxpH7.2 is not feasible. 
3.2. Sigmoidal inorganic carbon model (constants only for rAerAOB and full 
nitrification) 
Aside from the Monod saturation model, inorganic carbon (IC) limitation can also be described 
with a sigmoidal model. 






&  + 1F
G
 
Linearized this gives a very similar equation: 
ln1HI,JKLM,NOKPQR2 = STUθ + V TU . J)J)*W)0 + ⋯ + U TU . JXJX*WX0 +Y TU Z [.
\]^_\]` 0
[.\]^_\]` 0*6a + C  
(eq. B.6) 
With IC= inorganic carbon, and KIC and a as constants. 
KIC= 4.16 mM C L-1, a = 0.83 mM C L-1   (Wett & Rauch, 2003)  
KIC = 1.11 mM C L-1, a = 0.57 mM C L-1  (Guisasola et al., 2007)  
R-code: fit3.2  glm (log(rT) ~ Temperature + pH + log(S1/(S1+K1)) +…+ 
log(Sn/(Sn+Kn)) + log(exp((SIC- KIC)/a)/(exp((SIC-KIC)/a)+1))) 
Interpretation  
Interpretation of a,…,n and z occurs in the same way as before. 
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Table B.4 Primers used for assessing the abundance of β-proteobacterial ammonium oxidizing bacteria (AerAOB), total eukaryotic bacteria, and the nitrite 
oxidizing bacteria (NOB) Nitrospira spp. and Nitrobacter spp. with qPCR. 
















0.5 59 PCR product from 

















   
16S rDNA 





0.5 57 PCR product from E. 




CCGTCAATTCMTTTRAGTT    
16S rDNA gene 
Nitrospira sp. 
NSR1113F CCTGCTTTCAGTTGCTACCG  
 






NSR1264R GTTTGCAGCGCTTTGTACCG  
 
   








 Nitro1423R CTTCACCCCAGTCGCTGACC 
 
   















































































































































































































































































































































































































Effluent TSP/Ortho-P (mg P L
-1
) 0.78 -
Effluent TP (mg P L
-1
) -
Effluent Alkalinity (mg CaCO3 L
-1
) 0.78 0.73 -
Effluent Inorganic carbon (mM C) 0.68 0.78 0.57 0.96 -
Effluent Inorganic carbon (mM HCO3
-
-C) 0.77 0.66 0.84 0.94 -
Effluent Ammonium (mg N L
-1
) -
Effluent pH 0.63 0.61 0.57 0.75 0.90 -





Total SRT (d) -0.59 -
HRT (h) -
Nitrosomonas  (16S Total 16S
-1
) 0.73 0.56 -
Nitrospira  (16S Total 16S
-1
) 0.71 0.72 0.69 0.65 0.89 -
Nitrobacter (16S Total 16S
-1
) 0.80 -0.71 0.59 0.56 -
NOB (16S Total 16S
-1)
0.76 0.55 0.76 0.75 0.70 0.86 0.99 0.64 -




) 0.72 0.91 0.71 0.83 0.83 0.79 0.57 0.75 0.59 0.80 -




) 0.60 0.83 0.66 0.74 0.79 0.73 0.59 0.65 0.71 0.87 -




) 0.78 0.62 -




) -0.60 -0.70 -0.88 -0.77 -0.72 0.57 -
Nitrosomonas/ NOB (-) -0.79 -0.61 -0.59 -0.78 -
rAOB/rNOB (-) 0.60 0.71 0.61 0.86 0.86 0.84 0.62 0.74 -
rAOB,rel/rNOB,rel (-) 0.63 0.95 0.78 0.70 0.73 0.74 0.63 0.57 0.90 0.70 0.69 -0.74 0.76 -

















































Spearman rank correlation 
analysis for Blue Plains, 
depicting all significant 
(p<0.05) correlations. 
Values in green are positive 
correlations.  
 








































































































































































































































































































































Temperature (°C) 0.79 -
Effluent TP (mg P L
-1
) 0.93 0.83 -
Effluent Ammonium (mg N L
-1
) -
Effluent Nitrite (mg N L
-1
) -0.83 -0.75 -
SVI (ml g
-1
) 0.76 0.98 0.80 -0.86 -
R. factor (-) -0.73 -
TSS (g L
-1
) -0.88 -0.81 -0.80 -0.83 -




) 0.81 0.83 0.75 0.86 -0.88 -
Total SRT (d) 0.74 -
HRT (h) -
Nitrosomonas  (16S Total 16S
-1
) -
Nitrospira  (16S Total 16S
-1
) -
Nitrobacter (16S Total 16S
-1
) -0.83 0.71 -0.79 0.79 -
NOB (16S Total 16S
-1)
1.00 0.79 -




) 0.71 -0.83 0.90 0.74 -




) 0.88 0.79 0.81 0.76 -




) 0.86 0.88 -0.81 0.79 -0.86 -




) 0.93 0.88 0.81 -0.71 -0.90 -0.71 0.86 0.86 -
Nitrosomonas/NOB (-) 0.76 0.74 -
rAOB/rNOB (-) 0.74 -
rAOB,rel/rNOB,rel (-) 0.81 -


















































Spearman rank correlation 
analysis for Blue Plains, 
depicting all significant 
(p<0.05) correlations. Values 
in green are positive 
correlations.  
 
  Blue Plains 
l B.6 
arman rank correlation 
lysis for Ni uwveer, 
icti g all significant 
. 5) co relations. 
Valu s in green are positive 
l tions.  
 
     Nieuwveer 




Table B.7 Statistical data output model Blue Plains AerAOB (page 17), NOB (page 18) and AerAOB/NOB (page 19). The table represents the fitted variables 
and coefficients, and their respective significance of fit (p < *** 0.001, ** 0.005, *0.05,. 0.1), as well as the measurement range for each wastewater parameter. 
Values between brackets represent the contribution of each value to the total activity. Anova analysis shows an F-test comparing each model fit to a baseline 
T-model fit, with the green highlighted value as the minimum residuals of the model fits and significance p-value.  
 
  













[6.4 - 6.72] 
(-)
[0.01 - 0.08] 
mg P L
-1






[0.01 - 2.35] 
mg N L
-1
T 1.08*** (33%) 93.9*** (67%) 0.3009
T + Psat 1.08*** (33%) 94.1** (67%) 0.0015 (0%) 0.3009 0.99
T + Psat + ICsat,tic 1.059** (25%) 292.1* (101%) 0.0231 (-1%) 1.1048 (-25%) 0.2515 0.45
T + Psat + ICsat,tic + NH4sat 1.054** (23%) 304.9. (104%) 0.0305 (-1%) 1.182 (-27%) -0.0151 (1%) 0.2460 0.64
T + Psat + ICsat,HCO3- + NH4sat 1.065** (27%) 166.9* (86%) -0.0033 (0%) 0.4628 (-11%) -0.0137 (1%) 0.2762 0.87
T + Psat + ICsigm1,tic + NH4sat 1.055** (23%) 165.5. (90%) 0.0309 (-1%) 0.7558 (-17%) -0.0154 (1%) 0.2473 0.65
T + Psat + ICsigm1,HCO3- + NH4sat 1.064** (27%) 149.2. (84%) 0.0007 (0%) 0.4225 (-10%) -0.0144 (1%) 0.2408 0.87
T + Psat + ICsigm2,tic + NH4sat 1.056* (23%) 723.4. (123%) 0.0312 (-1%) 0.5438 (-12%) -0.0155 (1%) 0.2520 0.68
T + Psat + NH4sat + pH 1.078 (32%) 0.99 (0%) 0.0014 (0%) 0.0388 (6%) 0.3001 1.00
T 1.066*** (13%) 19346.8** (87%) 0.4986
T + Psat 1.05*** (10%) 22178.7. (92%) 0.1329 (-1%) 0.4647 0.4134
T + Psat + ICsat,tic 1.087** (16%) 2959.6** (64%) 0.0946 (-1%) -1.9638. (20%) 0.3085 0.1153
T + Psat + ICsat,tic + NH4sat 1.101** (19%) 2649** (61%) 0.0754 (-1%) -2.164* (22%) 0.0392 (-1%) 0.2720 0.1632
T + Psat + ICsat,HCO3- + NH4sat 1.091*** (17%) 5538.2* (70%) 0.1415 (-2%) -1.1355. (12%) 0.0419 (-1%) 0.3091 0.2570
T + Psat + ICsigm1,tic + NH4sat 1.1*** (19%) 8159** (72%) 0.075 (-1%) 0.0396. (14%) 0.0396 (-1%) 0.2784 0.1774
T + Psat + ICsigm1,HCO3- + NH4sat 1.09*** (17%) 7848.8* (74%) 0.1314 (-1%) 0.0421 (10%) 0.0421 (-1%) 0.3256 0.3074
T + Psat + ICsigm2,tic + NH4sat 1.098. (18%) 571.7* (46%) 0.0747 (-1%) 0.0396. (10%) 0.0396 (-1%) 0.2961 0.2208
T + Psat + NH4sat + pH 1.067. (13%) 0.4 (-61%) 0.1757 (-2%) 0.0335 (-1%) 0.4144 0.6670







































Table B.7 (continued) Statistical data output model Blue Plains AerAOB (page 17), NOB (page 18) and AerAOB/NOB (page 19). The table represents the 
fitted variables and coefficients, and their respective significance of fit (p < *** 0.001, ** 0.005, *0.05,. 0.1), as well as the measurement range for each wastewater 
parameter. Values between brackets represent the contribution of each value to the total activity. Anova analysis shows an F-test comparing each model fit to 

















[6.4 - 6.72] 
(-)
[0.01 - 0.08] 
mg P L
-1






[0.01 - 2.35] 
mg N L
-1
Statistical data-output model Blue Plains AnovaBlue Plains 
NOB 
T 1.05*** (19%) 147.4** (81%) 0.3519
T + Psat 1.05*** (18%) 150.7* (83%) 0.1134 (0%) 0.3503 0.8342
T + Psat + ICsat,tic 1.047** (18%) 150.2 (83%) 0.1131 (0%) -0.0373 (0%) 0.3503 0.9795
T + Psat + ICsat,tic + NH4sat 1.04** (15%) 159.8 (86%) 0.1551 (-1%) 1.0175 (-2%) -1.1855 (1%) 0.3259 0.8844
T + Psat + ICsat,HCO3- + NH4sat 1.044** (17%) 139.5 (82%) 0.1489 (-1%) -0.2873 (1%) -1.1137 (1%) 0.3263 0.8872
T + Psat + ICsigm1,tic + NH4sat 1.04** (15%) 156 (86%) 0.1584 (-1%) 0.3911 (-1%) -1.1986 (1%) 0.3254 0.8814
T + Psat + ICsigm1,HCO3- + NH4sat 1.041** (16%) 158 (86%) 0.141 (-1%) 0.073 (0%) -1.2056 (1%) 0.3259 0.8847
T + Psat + NH4sat + pH 1.046 (18%) 0.77 (-34%) 0.2009 (-1%) -1.0143 (1%) 0.3236 0.8704
T 0.999*** (0%) 3198.1 (100%) 0.7059
T + Psat 0.98*** (-5%) 3681.8 (107%) 0.718 (-2%) 0.6411 0.3384
T + Psat + ICsat,tic 1.016*** (4%) 819.2 (79%) 0.5642 (-1%) -15.7741. (18%) 0.4516 0.1341
T + Psat + ICsat,tic + NH4sat 1.018** (4%) 808.1 (79%) 0.555 (-1%) -16.0056 (19%) 0.2602 (0%) 0.4504 0.2840
T + Psat + ICsat,HCO3- + NH4sat 1.008*** (2%) 1463.9 (88%) 0.8331 (-2%) -6.5362 (8%) 0.4204 (0%) 0.4831 0.3607
T + Psat + ICsigm1,tic + NH4sat 1.017*** (4%) 1552.4 (87%) 0.557 (-1%) 0.2724 (5%) 0.2724 (0%) 0.4593 0.3039
T + Psat + ICsigm1,HCO3- + NH4sat 1.004** (1%) 1337.3 (88%) 0.7656 (-2%) 0.3548 (1%) 0.3548 (0%) 0.5362 0.5074







































Table B.7 (continued) Statistical data output model Blue Plains AerAOB (page 17), NOB (page 18) and AerAOB/NOB (page 19). The table represents the 
fitted variables and coefficients, and their respective significance of fit (p < *** 0.001, ** 0.005, *0.05,. 0.1), as well as the measurement range for each wastewater 
parameter. Values between brackets represent the contribution of each value to the total activity. Anova analysis shows an F-test comparing each model fit to 

















[6.4 - 6.72] 
(-)
[0.01 - 0.08] 
mg P L
-1






[0.01 - 2.35] 
mg N L
-1
Statistical data-output model Blue Plains Anova
T 1.029*** (-154%) 0.6* (265%) 0.2095
T + Psat 1.03*(-165%) 0.6.(280%) -0.0247(-5%) 0.2089 0.86
T + Psat + ICsat,tic 1.012 (-63%) 2 (-119%) 0.0044 (1%) 1.2587 (291%) 0.1611 0.31
T + Psat + ICsat,tic + NH4sat 1.021 (76%) 1.8 (26%) -0.0161 (3%) 1.0878 (-4%) 0.0292 (-1%) 0.1420 0.35
T + Psat + ICsat,HCO3- + NH4sat 1.027 (76%) 1.2 (25%) -0.053 (3%) 0.5205 (-2%) 0.0293 (-1%) 0.1556 0.47
T + Psat + ICsigm1,tic + NH4sat 1.024* (78%) 0.2 (23%) -0.0168 (2%) 0.2945 (1%) 0.0291 (-1%) 0.1503 0.42
T + Psat + NH4sat + pH 1.037 (-118%) 1.28 (22%) -0.0643 (-2%) 0.034 (10%) 0.1732 0.66
T 1.067** (71%) 6*** (29%) 0.1012
T + Psat 1.07 (75%) 5.8*** (23%) -0.0468 (2%) 0.0989 0.64
T + Psat + ICsat,tic 1.069 (73%) 6.5 (31%) -0.0441 (2%) 0.1162 (-6%) 0.0969 0.95
T + Psat + ICsat,tic + NH4sat 1.072 (77%) 6.3** (22%) -0.0501 (3%) 0.0665 (0%) 0.0085 (-1%) 0.0969 0.95
T + Psat + ICsat,HCO3- + NH4sat 1.072 (77%) 6.2** (24%) -0.0524 (3%) 0.0353 (-2%) 0.0084 (-1%) 0.0969 0.95
T + Psat + ICsigm1,tic + NH4sat 1.074 (80%) 6.2 (29%) -0.0425 (2%) -0.0096 (7%) 0.0092 (4%) 0.0964 0.94




























Table B.8 Statistical data output model Nieuwveer. The table represents the fitted variables and coefficients, and their respective significance of fit (p < *** 
0.001, ** 0.005, *0.05, . 0.1), as well as the measurement range for each wastewater parameter. Values between brackets represent the contribution of each 
value to the total activity. Anova analysis shows an F-test comparing each model to a baseline T-model, with the green highlighted value as the minimum 














Model/ range [10.6 - 17.4] °C [0.7 - 2] mg N L
-1
[0.22- 0.81] mg N L
-1
[1.1 - 2.1] mg P L
-1




) T 1.1*** (25%) 307.71. (75%) 0.3558
T + NH4sat 1.09* (23%) 495.12. (87%) 0.77 (-10%) 0.2455 0.19
T + NH4sat+ Psat 1.03. (8%) 739.25 (118%) 0.85 (-11%) 23.8 (-14%) 0.2155 0.37




) T 1.15*** (13%) 5.49E+06** (87%) 0.2465
T + NH4sat 1.14*** (12%) 8.26E+06** (91%) 0.66 (-3%) 0.1652 0.18
T + NH4sat+ Psat 1.21** (18%) 5.23E+06* (79%) 0.58 (-3%) -25.32 (5%) 0.1311 0.28




) T 1.07*** (19%) 199.3. (81%) 0.2137
T + NO2sat 1.12** (32%) 352.21 (75%) 0.72 (-1%) 0.1872 0.44
T + NH4sat+ NO2sat 1.11* (30%) 373.28 (78%) 115.24 (-2%) 0.67 (-6%) 0.1780 0.69
T + NH4sat+ NO2sat + Psat 1.07 (19%) 438.35 (98%) 141.96 (-3%) 0.58 (-5%) 136.44 (-9%) 0.1679 0.84




) T 1.11*** (11%) 1.11E+06 (89%) 0.7678
T + NO2sat 1.19*** (18%) 2.50E+06 (86%) 1.03 (-1%) 0.7143 0.57
T + NH4sat+ NO2sat 1.16*** (15%) 3.25E+06 (91%) 519.45 (-4%) 0.77 (-2%) 0.5287 0.47
T + NH4sat+ NO2sat + Psat 1.2. (19%) 2.78E+06 (84%) 493.8 (-4%) 0.85 (-3%) -130.96 (3%) 0.5194 0.72
rAOB rNOB
-1
 (-) T 1.03 (626%) 1.54 (-150%) 0.3255
T + NH4sat 1.02 (506%) 2.15 (687%) 0.54 (-737%) 0.2704 0.36
T + NH4sat+ NO2sat 0.94 (-1590%) 0.77 (1982%) 0.66 (896%) 1.4 (988%) 0.1876 0.11
T + NH4sat+ NO2sat + Psat 0.9 (-2684%) 0.93 (4063%) 0.72 (-975%) 1.5 (-1018%) 17.25 (-1018%) 0.1611 0.49
rAOB,rel  rNOB,rel
-1
 (-) T 1.03. (27%) 4.93 (75%) 0.3141
T + NH4sat 1.03 (30%) 4.06 (57%) -0.31 (15%) 0.2957 0.60
T + NH4sat+ NO2sat 0.96 (68%) 1.62 (-19%) -0.21 (18%) 1.25 (-503%) 0.2825 0.81
T + NH4sat+ NO2sat + Psat 1.05 (-19%) 5.34 (55%) -0.24 (12%) 1.2 (20%) -9.93 (20%) 0.2144 0.73
Statistical data-output model Nieuwveer Anova




Supplemental Information B.9 Elaborate discussion including goodness of fit. 
 Temperature 
Estimated θT parameters for a simple (=without other limitations) Arrhenius T-model were 
within the range of literature values for AerAOB (1.10-1.12) and NOB (1.06-1.07) for the non-
linear modelling approach (Wiesmann, 1994.; Wyffels et al., 2004). The estimated parameters 
of the non-linear model fits differed from the linearized Arrhenius model (Simple T with/without 
IC, N, P limitations), including some small changes in the estimated rmax20°C (See Table 3.2, 
Table B.7 and Table B.8). Although similarly, θT,AerAOB was always higher than θT,NOB, resulting 
in an equal θT,AerAOB/NOB of 1.02-1.03, showing that both fitting methods yielded equal 
information when looking at rAerAOB/rNOB. This difference in estimation of θT,AerAOB or θT,NOB 
was likely due to the linearization of the Arrhenius equation, where the transformation of an 
exponential to a linear (logarithmic) model induced changes in the calculation of SSE. 
 Phosphate 
Unrealistic fits (P-coefficient -84-168) were obtained for the Nieuwveer case, which was most 
probably P-unlimited (Pavg = 1.39±0.99). Conversely, realistic limitation coefficients close to 0 
were obtained for the Blue Plains case. 
A sensitivity analysis was executed by varying the saturation coefficients of AerAOB and NOB 
within the measurement range. Results in Figure B.10 and Figure B.11 showed that 
increasing the KPNOB and KPAOB resulted in P-limitation coefficients close to 0, suggesting that 
phosphorus was not an important limitation in the case of Blue Plains. 
 Inorganic carbon 
Comparing the saturation and sigmoidal TIC rAerAOB fits, their goodness of fit was similar, 
yet the outcome of the fits was different.  Almost equal estimations were obtained for θT [1.054 
vs. 1.055], but a higher estimation was seen for the rmax20°C by the saturation model, 305 vs. 
166 mg N gVSS-1 d-1, respectively. This is in line with a previous report by Guisasola et al 
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(2007) which also found a higher estimation of rmax20°C by the saturation model, and a more 
accurate description by a sigmoidal model.  
Since AerAOB prefer bicarbonate instead of the gaseous CO2 form of inorganic carbon, it is 
interesting to compare the fits with bicarbonate instead of TIC (Jiang, et al., 2015; Mellbye et 
al., 2016). Although the goodness of fit is lower for both sigmoidal and saturation model (IC-
coefficient = 0.43-46), the saturation model is much more sensitive to the change in from TIC 
to bicarbonate, with a decrease in rmax20°C of -45%, compared to the sigmoidal model, -10%. 
Since all IC fits (except for ICsat,TIC, ICsigm2,TIC and ICpH) yielded rmax20°C values in the range of 
150-167 mg N g VSS-1 d-1, it is most likely that modelling with bicarbonate and a sigmoidal 
model resulted in a better description of bicarbonate limitation, which is in line with literature 
(Guisasola et al., 2007; Jiang et al., 2015; Mellbye et al., 2016) . 
Comparing the sigmoidal parameters of Wett and Rauch (2003) with the ones found by 
Guisasola et al. (2007), we found a better goodness of fit for rAerAOB for the latter set of 
parameters. This could be due to difference in set-up of the two studies. Guisasola and 
colleagues (2007) deducted the parameters from empirical research on TIC, mainly as HCO3-
, presence on an enriched AerAOB community. On the other hand, the parameters of Wett 
and Rauch (2003) were deducted by modelling a sidestream N-removal treatment that 
potentially had other microbial kinetics, and where the model also took pH-effects into account. 
The pH model, which accounts for a lumped pH effect, did not yield successful model fits, with 
values smaller than θpH = 2.35 from literature (Henze, 2008). Disentanglement of the effect of 
pH on cell functions with other effects like carbonate balance, substrate form (NH4+ vs. NH3 
and HNO2 vs. NO2-) still needs further research to fully understand the pH-effect as such. 
 Nitrogen levels (NH4+ & NO2-) 
Although the fits were realistic (N-coefficients close to 1) in Nieuwveer, the outcome of the 
rAerAOB/rNOB fit was not realistic, with a low [θT, rmax20°C] of [0.94, 0.77]. The fit was also 
very sensitive to changes in affinity constants (See Figure B.13), indicating that more data 
are needed for better model fits.  




Figure B.10 Sensitivity analysis for the used kinetic constants for Blue Plains STP. Plots show a factor 
change of the estimated (= est.) parameters (rmax20°C, θ, P-, IC-, NH4+-coefficient) on the y-axis for the 
best AerAOB model structure. This is obtained by changing the value of the used literature kinetic 
(saturation) constants within the STP-measurement range (x-axis). Initial fitted parameter estimation 
with kinetic literature constants from Table 3.1 (= where factor change estimate = 1 for all est. 
parameters) are given in the legend next to the estimated parameter (rmax20°C in mg N gVSS-1 d-1, θT, 
and limitation coefficients IC, P, NH4+). Model structure rAerAOB: T + Psat + ICsigm1,TIC + NH4sat. 
lnHb[cbde = STUθ + V TU 4 PP + gh8 + i TU D j
.INOWINOL 0
j.INOWINOL 0 + 1F + k TU Z
lmnlmn + gopqa + C 






Figure B.11 Sensitivity analysis for the used kinetic constants for Blue Plains STP. Plots show a factor 
change of the estimated (= est.) parameters (rmax20°C, θ, P-, IC-, NH4+-coefficient) on the y-axis for the 
best NOB model structure. This is obtained by changing the value of the used literature kinetic 
(saturation) constants within the STP-measurement range (x-axis). Initial fitted parameter estimation 
with kinetic literature constants from Table 3.1 (= where factor change estimate = 1 for all est. 
parameters) are given in the legend next to the estimated parameter (rmax20°C in mg N gVSS-1 d-1, θT, 
and limitation coefficients IC, P, NH4+). Model structure rNOB: T + Psat + ICsat,TIC + NH4sat. 
lnHode = STUθ + V TU 4 PP + gh8 + i TU 4 TICTIC + gINO8 + k TU Z lmnlmn + gopqa + C 









Figure B.12 Sensitivity analysis for the used kinetic constants for Blue Plains STP. Plots show a factor 
change of the estimated (= est.) parameters (rmax20°C, θ, P-, IC-, NH4+-coefficient) on the y-axis for the 
best NOB model structure. This is obtained by changing the value of the used literature kinetic 
(saturation) constants within the STP-measurement range (x-axis). Initial fitted parameter estimation 
with kinetic literature constants from Table 3.1 (= where factor change estimate = 1 for all est. 
parameters) are given in the legend next to the estimated parameter (rmax20°C in mg N gVSS-1 d-1, θT, 
and limitation coefficients IC, P, NH4+). Model structure rAerAOB/rNOB: T + Psat + ICsat,TIC + NH4sat. 
ln1Hb[cbde/ode2 = STUθ + V TU 4 P + gh.odeP + gh.b[cbde8 + i TU 4 TIC + gINO.odeTIC + gINO.b[cbde8 + k TU Z lmn + gopq.odelmn + gopq.tuvtwxa+ C 






Figure B.13 Sensitivity analysis for the used kinetic constants for Nieuwveer STP. Plots show a factor 
change of the estimated (= est.) parameters (rmax20°C, θ, NH4+-coefficient, NO2--coefficient) on the y-
axis for the best AerAOB and NOB model structure. This is obtained by changing the value of the used 
literature kinetic (saturation) constants within the STP-measurement range (x-axis). Initial fitted 
parameter estimation with kinetic literature constants from Table 3.1 (= where factor change estimate 
= 1 for all est. parameters) are given in the legend next to the estimated parameter (rmax20°C in mg N 
gVSS-1 d-1, θT, and limitation coefficients IC, P, NH4+, NO2-). Model structure rNOB: T + Psat + ICsat,TIC + 
NH4sat. Model rAerAOB: T +NH4sat. Model rNOB: T +NO2sat. 
lnHb[cbde = STUθ + V TU Z lmnlmn + gopqa + C 
lnHode = STUθ + k TU Z lyly + godza + C 









Figure B.14 Sensitivity analysis for the used kinetic constants for Nieuwveer STP. Plots show a factor 
change of the estimated (= est.) parameters (rmax20°C, θ, NH4+-coefficient, NO2--coefficient) on the y-
axis for the best AerAOB/NOB model structure. This is obtained by changing the value of the used 
literature kinetic (saturation) constants within the STP-measurement range (x-axis). Initial fitted 
parameter estimation with kinetic literature constants from Table 3.1 (= where factor change estimate 
= 1 for all est. parameters) are given in the legend next to the estimated parameter (rmax20°C in mg N 
gVSS-1 d-1, θT, and limitation coefficients IC, P, NH4+, NO2-). Model structure rAerAOB/NOB: T + NH4sat. 
+NO2sat. 
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Supplemental information C (Chapter 4) 
Table C.1 Conditions during anaerobic starvation at 15°C for the different short- and long-term recovery tests on Ossemeersen Sludge. ψ = confirmed with GC 
measurements, + = possible erroneous measurement. Values are given from: start  eventual minima or maxima  end. / = no data available. 
  
Sulfide dose  
(mg S L-1) 




















Starvation time (days) 02 02 02 02 0 02 02 
pH (-) 7.296.91 7.087.02 7.346.70 7.307.07 7.10 / / 
[VSS] (g VSS L-1) 7.827.20 8.678.54 7.066.70 7.307.18 6.44 2.53/ 2.88/ 
[NH4+] (mg N L-1) 1.8617.54 4.4025.62 9.6420.38 13.5838.40 41.98 0.003.6 0.003.6 
[NO2-] (mg N L-1) 0.000.00 0.000.00 0.000.00 0.000.00 0.000.00 0.000.00 0.000.00 
[NO3-] (mg N L-1) 0.000.00 0.000.00 0.000.00 0.000.00 0.000.00 2.8 0.00 0.75 0.00 
[PO43-] (mg P L-1) 6.391.39 20.2215.86 26.3335.51 6.7016.00 59.49 0.913.262.15 0.391.27 
Total [VFA] (mg C L-1) 0.000.42 0.050.22 0.000.25 / 0.00 / / 
Initial [Fe] (mg Fe L-1) 431.0±41.8 716.67±61.10 383.3±18.5 230.7±8.3 / / / 
[S2-] (mg S L-1) 0.030.00ψ 0.030.00ψ 0.000.00+ψ 60.0070.19ψ 31.28ψ / / 
[SO32-] (mg S L-1) 4.473.51 7.906.54 0.000.00+ 6.6111.00 0.00 / / 
[S2O32-] (mg S L-1) 1.021.31 4.100.00 0.000.00+ 63.2037.07 12.42 / / 
[SO42-] (mg S L-1) 3.840.99 8.040.90 2.941.80 2.145.75 183.43 18.31 14.92 10.49.76 
Total [S] (mg S L -1) 9.361.31 20.087.44 2.941.80+ 131.95113.01 227.12 / / 
 
 




Table C.2 Conditions during anaerobic starvation in their sewage matrix for two different STP; 
Ossemeersen, BE and Nieuwveer, NL. VFA: volatile fatty acids. ψ: confirmed with gas phase 
measurements. Values are given from start  eventual minimum or maximum  end. 
Parameter ↓ Sludge origin → Ossemeersen STP Nieuwveer STP 
Starvation time (days) 08 08 
pH (-) 7.036.83 7.066.35 
[VSS] (g VSS L-1) 7.866.90 4.494.26 
[NH4+] (mg N L-1) 1.97103.72 2.66127.00 
[NO2-] (mg N L-1) 0.090.00 00 
[NO3-] (mg N L-1) 0.16 0.15 0.140 
[PO43-] (mg P L-1) 5.1100.64 6.0145.76 
Total [VFA] (mg C L-1) 0.050.91 0.105.18 
[CH4] (mg L-1) 0.006.70 0.002.45 
Initial [Fe] (mg Fe L-1) 703.3±7.6 187.0±8.5 
[S2-] (mg S L-1) 0.000.15ψ 0.000.20ψ 
[SO32-] (mg S L-1) 0.4700.73 2.051.47 
[S2O32-] (mg S L-1) 0.00 0.00 
[SO42-] (mg S L-1) 20.020.18 7.210.28 








Figure C.3 Long-term recovery of the (combined) effect of sulfide (150 mg S L-1), free ammonia shock 
(FA-shock, 30 mg FA-N L-1 for 1h) and anaerobic starvation (2 days) on AerAOB and NOB activity, 
monitored in a membrane bioreactor. NAR: nitrite accumulation ratio. Table 4.2 (manuscript) 
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Figure C.4 Long-term recovery of the (combined) effect of sulfide (10 mg S L-1), free ammonia shock 
(FA-shock, 30 mg FA-N L-1 for 1h) and anaerobic starvation (2 days) on AerAOB and NOB activity, 
monitored in a membrane bioreactor. NAR: nitrite accumulation ratio. The control did not perceive any 
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Figure C.5 Long-term recovery of the (combined) effect of 2-day anaerobic starvation in their sewage 
matrix and a free ammonia shock (FA-shock, 30 mg FA-N L-1 for 1h) on the AerAOB and NOB activity, 
monitored in a membrane bioreactor. The control did not perceive any stress.  NAR: nitrite accumulation 
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Figure C.6 Relative abundances of the nitrifying community in Ossenmeersen sewage treatment plant 
(STP) and Nieuwveer STP on different sampling dates. Relative abundances are lumped for Nitrospira 
(1 OTU), Nitrotoga (3 OTU’s), Nitrosomonas (9 OTU’s). Temperature of the sewage treatment plant is 
given next to the samples. 
 
Figure C.7 Measured S-speciation after addition of different sulfide concentrations to the sludge, 































































Sulphate Sulphide Sulphite Thiosulphate Sulphide (gas) Missing S Iron
Added S2--concentration (mg S L-1) 
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Table C.8 Effect of different sulfide concentrations on the measured and potential reactive toxic S 
with the biomass for the different short- and long-term experiments. * A batch test for short term-
activity was also executed, with results tabulated here. 
Sulfide 
added 
Experiment Measured  
aqueous S2- 




mg S L-1  mg S L-1 mg S g VSS-1 % % 
10 Short- and  long-term 0.03 -1.00 -21±4 -28±6 
150 Long-term* 0.03 13.45 -15±2 -33±2 
150 Short-term 0.00 15.24 -22±3 -46±2 
300 Short-term 60.00 21.45 -55±5 -92±0.3 
600 Short-term 31.28 45.11 -100 -100 
 
Figure C.9 Maximum protonated volatile fatty acid concentration (HA) during anaerobic starvation, 
calculated according to S.1 and taken as a maximum from the comparative starvation experiment for 
both STP; Nieuwveer, NL and Ossemeersen, BE. The y-axis is in log-scale. IC50: 50% inhibition values 
for AerAOB and NOB were taken from Eilersen et al., 2014. For some VFA, formic acid, acetic acid, 
propionic acid and n-Butyric acid, no inhibition was occurring for AerAOB within the reported range. 
(Eilersen et al., 2014).   
 
  








Supplemental information D (Chapter 5) 
Table D.1 Trace element solutions A and B. The trace element solution was added as 1mL trace 
element solution on 1 L of feed. 
Solution A B 
 Concentration (g L-1) 
Na2EDTA•2H2O 19.11 9.62 
FeSO4•7H2O - 9.15 
ZnSO4•7H2O 0.43   
CoCl2•6H2O 0.24   
MnCl2•4H2O 0.99   
CuSO4•5H2O  0.25   
Na2MoO4•2H2O   0.22   
NiCl2•6H2O 0.19   
Na2SeO4•10H2O  0.21   
H3BO3 0.01   
NaWO4•2H2O 0.05   
 
  




Figure D.2 Graphical representation of a thick and thin biofilm on a typical K1-carrier, visually sampled 
at day 325. Left: Original picture taken by the stereomicroscope. Right: image recognition and surface 









Figure D.3 A.) Reactor influent and effluent values and B.) Calculated volumetric activities for 
AerAOB, AnAOB and NOB together with the N-loading rate. AerAOB: Aerobic ammonium-oxidizing 
bacteria. AnAOB: Anoxic ammonium-oxidizing bacteria. NOB: Nitrite oxidizing bacteria.  
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Figure D.4 Different scenarios for the five different batch tests, representing the activities in the batch test fitted to the reactor performance of the different 
phases (see Material and Methods 2.4). The legend of the graph can be found on the top-left corner. AerAOB: Aerobic ammonium-oxidizing bacteria. AnAOB: 





Figure D.5 OTUs significantly more abundant in the floc or carrier for 1.) 15 most abundant OTUs from 
the sattelite community, 2.) AnAOB, AerAOB and NOB OTUs. Deseq analysis with alpha = 0.01. 
Dashed lines between log2Foldchange [-2 to 2] indicate the area were there might be no preferred 
morphology. * OTUs highlighted with a star were strongly present in the flocculent inocula. Underlined 
OTUs from the so-called satellite community known to have (partial) denitrifying functionality. OTU 27 
(AnAOB), OTUs 112 and 147 (AerAOB), and OTUs 26 and 790 (NOB) had no preferential morphology. 
AerAOB: Aerobic ammonium-oxidizing bacteria. AnAOB: Anoxic ammonium-oxidizing bacteria. NOB: 
Nitrite oxidizing bacteria. 




Table D.6 Measured maximum potential activities in the batch activity test for carriers (volumetric activity is given for 5 randomly sampled carriers) and flocs 
respectively. Phases I-IV: continuous one-point aeration. Phase V-VIa: continuous two-point aeration, with a low oxygen setpoint for 10 minutes, and a high 
oxygen setpoint for 5 minutes. 
 
Phase I IIb IV V VIa 
 
Day 44 73 150 199 256 
 
Aeration (mg O2 L-1) 0.15±0.03 0.06±0.01 0.15±0.03 0.10 (10 min.) 
0.27 (5 min.) 
0.07 (10 min.) 
0.31 (5 min.)  
 






rAerAOB (mg NH4+-N L-1 d-1) 43.6±1.6 39.1±1.6 41.2±0.9 29.8±0.3 25.1±3.4 
rNOB (mg NO2--N L-1 d-1) 59.7±0.7 29.6±3 19.4±0.6 30.1±4.2 24.6±8.7 
rAnAOB (mg NO2--N L-1 d-1) 44.5±4.5 27.6±8.1 11.9±3.6 13.9±0.5 36.2±6.2 
rAerAOB/rNOB 0.73 1.32 2.12 0.99 1.02 
rAerAOB/rAnAOB 0.98 1.42 3.46 2.15 0.69 





rAerAOB (mg NH4+-N g protein-1 d-1) 613±23 386±5 682±143 565±18 929±361 
rNOB (mg NO2--N g protein-1 d-1) 447±24 87±2 115±14 75±27 32±12 





Figure D.7 Relationship between AerAOB activity in the reactor and the flocculent sludge 
concentration. Different trends were seen for different inoculation points (Day 0, Day 75 & Day 98, Day 
213) most likely due to differences in initial enrichment or microbial community.  
 
Figure D.8 Relationship between flocculent potential rAerAOB/rNOB and applied aerobic flocculent 
sludge retention time (AerSRTfloc) 
 




Figure D.9 Boxplot of the quarter filling in % of the K1-carriers that were sampled over the course of 
the experiment. At the last sample day (day 325), thick and thin carriers were visually preselected to 
























K1-carrier Random sampling over timepoints Visual preselection 
quarter 
Timepoint(day) 12 115 148 197 220 256 291 312 325 
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Figure D.10 Assessing the impact of the different operational parameters (1.) on the microbial diversity in both floc and carrier. It depicts 2.) Diversity per timepoint (α-diversity) 3.) Diversity 
dynamics (β-diversity) between the different timepoints, where the actual time point is highlighted in red, while the previous timepoint in blue for comparison and the rest in grey. The black arrows 
indicate the from previous to actual timepoint. In the table above, the different operational parameters (1) of that reactor period are summarized. Shaded areas in the table highlight areas of interest 
to compare the different timepoints. At day 213 and day 325 no samples of carrier or flocs were taken respectively. * At this timepoints, also batch activity tests were executed. + Aeration strategy: 
continuous aeration: one-point; or two-point aeration: 10 min. low setpoint; 5 min. high setpoint. N: Nitrogen. AerAOB & AnAOB: Aerobic ammonium-oxidizing bacteria. AnAOB: Anoxic ammonium-
oxidizing bacteria. NOB: Nitrite oxidizing bacteria. 
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Figure D.11 Relative abundace of the 4 most abundant AerAOB OTUs for each sampling point in A. floc and B. carrier. The boxplots indicate the differences in relative 
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This PhD would not exist without the contributions and support of so many of you. The 
most enjoyable moments were those collaborations that arose over the last four years. 
The PhD-island where I was living on became a whole new world with exciting 
collaborations.  
Doing a PhD was far-out the last ambition that I had when I was pursuing my second 
master degree. The main culprit in this story is the convincing power of my promoter 
Siegfried. He managed to pursue me to do a master thesis with him, and then later a PhD. 
For my master thesis, you were the one who promised me to work on decentral wastewater 
treatment plants. Somehow, after a few months, my topic seemed to be on centralized 
wastewater treatment plants. I fell in love with our red anammox friends, and could identify 
myself with more sustainable sewage treatment plants; so off-we-go. At that time, you 
were still a post-doc in the lab, and we went together to India, which was an unforgettable 
experience. To our luck, this trip did not end dramatically in Delhi, when our driver was 
racing in-between 20-meter-long trucks and cows at night. That you managed to sleep 
during that car trip, is still unbelievable to me, but I’m certain that this trip formed an 
excellent starting point for future collaboration. During the next years of my PhD you made 
the transfer from Ghent to Antwerp to become a full-time professor over there. How you 
managed to build out a new group, while managing another one in Ghent, is astonishing. 
Certainly, because throughout the PhD, you were always there to assist, discuss, and 
criticize the work, to push it to an always-higher level. I really appreciate your sharp mind, 
learned a ton from your tutoring and writing skills, and hope we continue working together. 
My two other promotors came in somewhat later in the picture. José, you were the light 
bulb in my second year of PhD. You entered the lab as a new post-doc with a lot of 
experience with our red anammox friends. Your toolbox of lab skills helped me enormously 
on how to set-up good experiments. You were always there for some excellent scientific 
discussion, ditto coffee breaks, and you improved my writing a lot. You will be a great 
professor for sure. Keep on going my friend, and I promise you that I will make some more 
time, so that we can start playing some guitar tunes together. Nico, we only started to see 
each other more frequently when Siegfried moved to Antwerp. I must say I really enjoyed 
meeting with you. You always looked at things from a different angle, with lots of creativity 
and drive to understand the mechanistic insights. This was not always easy in the overly-
complex world of mainstream-anammox, but I think we managed to dig in somewhat 
deeper to achieve better understanding of the process. Cheers to that! 
The final version of this PhD wouldn’t stand as it is without the excellent expertise of my 
jury members. Thank you all for your time and dedication to improve the PhD. For me it is 
a truly honor that scientists like you were my jury members. Thank you. 
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A PhD in CMET does not exist without the support of our super-secretary. Regine, 
Christine, and Sarah, you were always there to help me and assist me with all the paper 
work which I am so good at. You cannot image how much of a help it was, especially in 
the last stressful moments of PhD submission. Thanks a lot!! The support of the ATP was 
also perfect. Thanks a lot for being so kind and solving all my lab-related issues over the 
past years. Mike thanks for all the reactor support, Siska for ordering all the stuff, Greet 
for those 1000’s of IC’s that you put in the machine for me, Reneé for doing my dishes and 
helping with all the packages, and Robin for the fantastic reactor construction. 
During my PhD, I also had the wonderful opportunity to work on a pilot reactor, which was 
operated at the wastewater treatment plant of Breda in the Netherlands. This was a 
collaboration with the company Colsen bv and the Waterboard Brabantse Delta. Joop, 
Bert, Isabel, Matthijs, Laurens, Hans, Etteke, Marianne, Willy, Jack, and many others that 
joined the table, thank you for all the interesting discussions on the project. With our weekly 
skype sessions, I had a clear and practical view on the process, so my mind could escape 
the (narrow) walls of the university. This PhD would have never been the same without 
this great cooperation. I especially want to thank Hans, because his openness and 
willingness to collaborate enabled almost all the research that happened during this PhD, 
from providing the sludge for my experiments to any data from the wastewater treatment 
plant. Also, all the people at the Nieuwveer wastewater treatment facility, Harry, Peter, 
Antoon, Simone (nice soup!!), it was always a great pleasure seeing you again when I 
came back to the wastewater treatment facility. Trading anammox was never so fun . 
Also, all the interns which whom I worked more closely on the project, thanks a lot for all 
the support for the pilot operation. Bert, I remember our weekly car trips during the first 
year of the pilot operation, with you questioning “Do you really think this will ever work?”. 
After four years, I hope you will be as convinced as I am that It will work. I am 100% sure 
that the MAS reactor will have a bright future. 
Some of the chapters in this PhD would never have looked the same without the 
collaboration with other international research groups. For the anammox inhibition story, I 
would like to thank Prof Susanne Lackner and Shelesh Agrawal from TU Darmstadt. With 
your input on the modelling part, this chapter saw its true birth. I really enjoyed working 
together, and this evolved into our very nice current opinion review paper. It is always great 
seeing you at conferences, and hope that in my future job position, I sometimes may 
encounter you again for another bier with schnitzel. Also, Samuel, it is a pity we didn’t see 
each other more on conferences, but I will never forget our adventures in Gdansk. Keep 
the anammox world alive bro! Mofei, Haydee, Imre, Ahmed from DC-Water, US, the 





an easy story to tell, but I think in the end we really came to a nice paper. The drive and 
fresh air DC-water is bringing in the water sector is truly inspiring! Keep up the excellent 
work. At this moment, I also would like to thank all the other fantastic members of the DC-
water team that I was honored to meet during the years. Tim, Tri, Heather (+Betsy), 
Bernard, I hope we can meet rather sooner than later, with a good beer and a nice holiday 
somewhere around the globe (Wim, I hope you will also be there !!). 
Also within the faculty I had the honor to collaborate with some other groups. Chaïm from 
Biomath, it is a real pleasure working together with you. You were my first master student, 
and I hope you forgive me my inexperience in tutoring in the first year. Our collaboration 
luckily continued, and without your contributions, the anammox inhibition story wouldn’t 
look the same. Your laughter and motivation always made me leave a meeting with a 
smile. Thanks to you, I also learned to work with Python, which is an amazing tool indeed. 
Also, Sophie and Ingmar, it was always a great pleasure discussing and working together. 
I hope you can fix the A-stage in Breda soon. I’m sure Hans will thank you for the rest of 
his life. I also would like to thank Quenten from Paint; without your mastersizer assistance, 
I wouldn’t have been able to operate that old machine in the first place, and it was always 
a pleasure talking to you!  
This PhD would not stand without the students shoulders of Janet, Stijn, Sander, Jona, 
Chaïm, Arno, Michiel, and Bavo. I’m proud that I had the opportunity to tutor you. Without 
your perseverance and motivation, I would still have been in the lab. Michiel, I am really 
happy that you found pleasure in the research we did together, and I wish you all the best 
with the continuation of the research on mainstream anammox. When in doubt, you can 
always call me. 
The colleagues in CMET are the DNA of the lab. This is what makes CMET an awesome 
team where I loved to work. Floor. In het begin van het doctoraat waren onze koffiebreaks 
zo legendarisch dat heel CMET dacht dat we een koppel waren. Gelukkig trouwde je snel, 
zodat ik toch nog kans maakte bij andere meisjes. Ik kon het niet beter treffen zo’n goeie 
vriendin te hebben op het werk, en ik hoop dat we nog vele weekendjes, fietstochten en 
andere leukigheden kunnen uithalen. Francis. Van het dweilen van de kelder tot het 
opstarten van een sustainability award, van het samen reizen in Amerika, tot jij die altijd 
bereid was om me te helpen met statistische moeilijkheden tijdens mijn doctoraat! Thanks 
mate, zonder jouw brein was dit alles niet mogelijk geweest! Hopelijk kunnen we in de 
toekomst nog mooie dingen doen. We moeten zeker niet wachten tot een volgende 
champignonnenjacht. Christina. From Mr. Universe with the nicest shoes in the lab to your 
hatred for my orange colored sweater, being analytical lab responsible with you was 
probably the time I loved this cleanup the most. Get that Italian cooking spirit ready and 
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let’s make some pizza. And thanks for hooking me up with Burcu. Probably the best thing 
you will ever do for me . Tom! Hoeveel keer we niet samen gevloekt hebben op onze 
reactoren, ik kan het niet tellen. Je bent een fantastische collega die altijd klaar staat om 
te helpen. De energie en enthousiasme die je uitstraalt gaan je nog heel ver brengen! 
Gogogo!!!! Tim and FM – The Cola Brothers of the lab – geniuses in all what has to do 
with molecular mambo jambo, and always with good suggestions that moved me further 
in the dark world of sequencing. Ioanna, you might think I would forget you here, but no, 
you are the real genius in the story here. Amazing how you helped me with all that through 
the end of the PhD, you rock!!! You know, you have my support to continue working on 
anammox and nitrifiers… See you again at the climbing wall . 
Other people from the Nitrogenius research group made it an unbelievable and inspiring 
group to work within. Joeri, merci voor de klare en inspirerende kijk op de dingen, die 
gaven me zeker de juiste richting. Geeft er een lap op in Singapore. Emilie, bedankt voor 
je scherpheid en eerste opleiding in’t lab, al liep dat niet altijd van een leien dakje. Oliver, 
jij was er altijd met een glimlach, liefde en energie waar ik erg van opkikkerde. Delphine, 
ik kon je niet tegenkomen in’t lab zonder een stralende glimlach op je snoet! Bedankt voor 
alle hulp bij de vele experimenten. Piedro (Pieter), alle chance dat jij er was om samen het 
einde van de PhD te doorworstelen. Zalig dat we dan toch die review paper samen 
geschreven hebben, dat was een hele leuke samenwerking. Doe da goe daar in good old 
Paris. Moge we elkaar snel weer zien voor het volgende pint! Amanda, thanks for the great 
parties and nice talks, your enthusiasm binds the group nicely together. Peter, Samuel, 
Marlies, Cristina, Lai, Giovanni, Chiara, Xioana, Laurens, Jolien, … and all other members 
of the ESA/Manure Ecomine team which I might forget now, thanks for all the inspirational 
talks and nice get togethers. 
 
Some other colleagues wandered around in CMET and boosted the daily working vibe. I’d 
like to thank Bart, for the nice work that we did together on decentral wastewater treatment 
plants with Arno. I’m happy that we continue to work together within the Nieuwe Dokken 
project. Benjamin, for always being present with some good humor and interesting stories. 
Ruben, for being so American after coming back from his adventure. Ramon for being an 
excellent Jury member and even better joker on the table. Wish you all the best as a new 
professor in CMET, and with your new child. Erika, for being an even better side-joker for 
Ramon. Steve, thanks for all the inspirational talks, hope we can have plenty more. I’m 
sure your company will be a blast. Gio, thanks for all the good Koepuur hugs, that’s what 
a man needs on a Friday evening. Charlotte, I’m pretty sure that with you, the sustainability 





nuts, chocolate and good jokes, I wouldn’t have survived these last months of the PhD. I 
remember us both looking ‘wear sunscreen’ on youtube to survive the day, and laughing 
our ass off with the good life wisdom we gained from that moment on. Agathi, thanks for 
the nice and short time we knew each other, hope you have a nice time at PureBlue. Kun, 
thanks for your smile and nice tips when visiting Xian, wish you all the best back in China. 
Lotte, I’m happy that you found your way in the CMET world, and I’m 100% sure that you 
will do a fantastic job. Mathias, hope to see you soon at one of your concerts, it’s been too 
long since Pink Floyd sounds were present in Tech Hall. Pieter, keep up that smile and 
great music taste. Alberto, thanks for the witty stories. Lapin, your cuisine is fantastique, 
love it, and thanks for the love over the years. Eleni, you were always there for a good talk, 
hope you’re doing great in your new job. Naya, keep the football spirit high, and good luck 
with your PhD and baby . Thanks for all the other CMET passengers which I might have 
forgotten now, but which made the place such a lively and vibrant place. 
 
Naast het leven in ’t labo ben ik ongelooflijk blij met steun en vriendschap die ik van mijn 
vrienden en familie gekregen heb. Ruben en Charlotte, Dries en Evelien dank voor alle 
vrijdag-avond-hunkar avondjes, feestjes en zo veel meer. Jullie vriendschap doet me 
leven. Nop en Timon, zonder emo te zijn, ma love you bro’s. Timon, nog eens super merci 
voor het maken van mijn cover, ’t is echt fantastisch (www.timonmattelaer.be voor de 
geïnteresseerden). Brecht, Dorien, Anselm, Brandusha, Tom, met jullie is het altijd 
avontuur en feest, next meeting back in Roemenia? Lennart, merci voor de fijne 
weekendjes in De Panne en altijd weer inspirerende gesprekken. Bertje, merci voor de 
zalige tijd in de Ardennen, Amerika enzoverder. Die momenten hebben mij echt goed 
kunnen loskoppelen van het doctoraat. Ik ben er zeker van da ge het nog heel ver gaat 
schoppen in de academie. Adriano, merci voor de zalige reizen en ik ben blij da je terug 
bent in België. Binnenkort gaan we weer eens op pad met de kano, beloofd! Pieter, 
bedankt voor de levenslange vriendschap en gezellige zondagse boekenmarkt tijden. 
Tessa, merci voor de productieve schrijfweken op ’t rolleken. Veel succes nog met de 
laatste loodjes! Lauren, ‘t is altijd een heel plezier om je halfjaarlijks terug te zien. Ik kom 
binnenkort eens af naar Antwerpen, beloofd. Maxime, het Ghana avontuur heeft de vlam 
in mijn hart voor waterzuivering doen ontstaan. De laatste tijd hebben we elkaar niet zo 
veel meer gezien, maar daar moeten we zeker verandering in brengen. Heel den 
badminton, zonder die wekelijkse portie ont-stress-ing en verloskreten had ik nu zeker nog 




Bij mijn familie kon ik altijd terecht, in de goei en kwaai tijden zoals ze zeggen. Maudje, 
Victor, ma, pa, bij jullie is altijd gewoon ongecompliceerd thuiskomen (en ook op het 
rolleken!!). Bedankt voor alles wat jullie me tot nu toe al gegeven hebben. Dit heeft er 
alleen maar voor gezorgd dat ik nu zo gelukkig ben. Ik kan niet meer wensen in het leven. 
Ook de rest van de familie wil ik bedanken. Moeke en co, wat een fantastische familie zijn 
jullie toch waar ik altijd weer steun en inspiratie haalde tijdens de familiefeesten. Pepe, 
jouw verhalen en avonturen motiveren me om steeds het maximum uit het leven te halen, 
merci!  
 
Burcu, sadece doktoramın son yılında tanıştık. Sizinle ve geçen sene senden aldığım tüm 
desteklerle tanıştığım için çok mutluyum. Japonya'da yaptığımız gibi çok daha fazla 
macera ve seyahat için sabırsızlanıyorum! Seni seviyorum.   
 




Compact disk dummies – girls keep drinking (on repeat) 
ISIS – in fiction 
Manu Chao - clandestine (whole album) 
Romeo Elvis – Bruxelles arrive (every morning for a few weeks) 
Nils Frahm – toilet brushes – more 
David Gilmour – live in Tienen (whole set with some slight rain at the end)  
M. Ward – Me and my shadow 
Car Seat Headrest -  drunken drivers, killer whales 
Pink Floyd – high hopes 
Olafur Arnalds ft. Nanna Bryndis hilmarsdottir – particles 
The Strokes - Reptilia 
Baba Zula – Do not obey (Live in Nürnberg) 
Baz Luhrmann – wear sunscreen 
Steak nr. 8 – The Sea is Dying (Volume open, shouting out loud) 
God is an astronaut – All is violent, All is bright 
Red fang – Wires 
The war on drugs – Eyes to the wind 
Tool - Schism 
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